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Pheochromocytoma	   and	   paraganglioma	   (PPGL)	   are	   rare	   neuroendocrine	   tumors,	   with	   a	   strong	  
genetic	   component,	   that	   comprises	   fifteen	   genes	   so	   far.	   The	   advent	   of	   high-­‐throughput	  
technologies	   have	   permitted	   the	   simultaneous	   interrogation	   of	   thousands	   biomolecules.	   As	  
expected,	  these	  technologies	  have	  already	  been	  applied	  to	  study	  PPGL,	  as	  well	  as	  virtually	  every	  
known	   pathology.	   However,	   some	   molecular	   events,	   such	   as	   miRNA	   expression	   and	   DNA	  
methylation,	  have	  not	  yet	  been	  explored	  when	  this	  thesis	  project	  began	  in	  autumn	  2009.	  	  
In	  the	  first	  part	  of	  this	  study,	  we	  explored	  microRNA	  expression	  in	  PPGL,	  and	  demonstrated	  that	  
PPGLs	  express	  different	  miRNA	  signatures	  according	  to	  genetic	  background.	  As	  a	  matter	  of	  fact,	  it	  
was	   possible	   to	   identify	   and	   validate	   several	  miRNAs	   associated	  with	   the	   primary	  mutation,	   as	  
well	  as	  miRNAs	  common	  among	  PPGLs,	  which	  could	  potentially	  be	  used	   to	  guide	  genetic	   study.	  
Among	  the	  most	  significant	  finding	  was	  the	  validation	  of	  SDHB-­‐specific	  miRNA-­‐183/96,	  which	  has	  
gained	  interest	  lately	  among	  the	  PPGL	  research	  community.	  
The	   second	   part	   of	   this	   thesis	   involved	   the	   use	   of	   bioinformatics	   integrative	   study	   of	   miRNA-­‐
mRNA	  interactions,	  which	  indicated	  neuronal	  differentiation	  as	  a	  common	  theme	  deregulated	  in	  
PPGL	  pathogenesis.	  This	  was	  validated	  by	  functional	  analyses	  showing	  miR-­‐183/-­‐96	  impeded	  NGF-­‐
induced	   neuronal	   differentiation	   of	   immature	   chromaffin	   cells	   (PC12	   cells).	   Proteomic	   studies,	  
initially	   included	   to	   validate	   our	   bioinformatics	   integration	   methods,	   also	   revealed	   the	  
antagonistic	   effect	   of	   miR-­‐183/96	   on	   NGF-­‐induced	   chromaffin	   cell	   differentiation	  might	   results	  
from	  disruption	  of	  growth	  factor-­‐induced	  RAS	  activation	  as	  suggested	  by	  proteomic	  analyses.	  
In	  part	  three,	  we	  analyzed	  chromosomal	  alterations	   in	  PPGL	  using	  SNP-­‐arrays,	  which	  enabled	  us	  
to	   detect	   copy	   neutral	   events,	   including	   chromosome	   14	   disomy	   in	   MAX	   mutant	   tumors.	   We	  
observed	   and	   verified	   previously	   described	   chromosomal	   aberrations	   in	   PPGL.	   Finally,	   we	  
integrated	   miRNA,	   mRNA,	   SNP-­‐array,	   and	   methylation	   data	   to	   obtain	   a	   more	   complete	  
prospective	  of	  the	  molecular	  events	  at	  chromosome	  14	  in	  MAX	  mutant	  tumors,	  which	  the	  author	  
not	  only	  believes	  it	  provides	  the	  means	  for	  the	  second	  hit	  of	  the	  MAX	  gene,	  but	  also	  results	  the	  
loss	  of	  other	  tumor	  suppressive	  genes	  or	  gain	  of	  imprinted	  oncogenes.	  
For	   fourth	   and	   final	   part,	   we	   explored	   DNA	   methylation	   patterns	   in	   the	   context	   of	   PPGL	  
malignancy,	  as	  well	  as	   in	  tumors	  of	  diverse	  genetic	  backgrounds.	  Our	  results	  demonstrated	  that	  
DNA	   methylation	   patterns	   differed	   according	   to	   PPGL	   genotype,	   and	   verified	   previous	   data	  
showing	   global	   hypermethylation	   in	   SDHx-­‐related	   tumors.	  Most	   importantly,	   we	   identified	   and	  
validated	  52	  CpGs	  associated	  with	  malignant	  behavior	   in	  an	   independent	  cohort	  of	  which	   forty-­‐
eight	  CpGs	  showed	  significant	  associations	  with	  progression	  free	  survival.	  Finally,	   it	  was	  possible	  
to	   suggest	  RDBP	  hypermethylation	   as	   a	   predictor	   of	  malignancy,	   as	   it	  was	   further	   confirmed	   in	  
malignant	  PPGL	  by	  pyrosequencing	  in	  an	  independent	  series	  of	  FFPE	  archival	  samples.	  	  
In	   summary,	  we	   have	   applied	   numerous	   high-­‐throughput	   genomic	   technologies	   to	   study	   PPGL.	  
These	  studies	  have	  revealed	  much	  about	  the	  molecular	  mechanisms	  behind	  these	  tumors,	  as	  well	  
demonstrate	   how	   genomic	   technologies,	   if	   applied	   correctly,	   can	   compliment	   and	   foment	  
research.	  
  
A. A. DE CUBAS 
x	  
	  	  
RESUMEN EN ESPAÑOL 
 
GENOMIC & GENETIC DISSECTION OF PPGL 
xi	  
Los	  feocromocitomas	  y	  paragangliomas	  (PPGL)	  son	  tumors	  neuroendocrinos	  raros,	  que	  tienen	  un	  
fuerte	  componente	  genético,	  en	  el	  que	   intervienen	  hasta	  quince	  genes	  descritos	  hasta	   la	   fecha.	  
Las	  tecnologías	  de	  alto	  rendimiento	  permiten	  interrogar	  miles	  de	  moléculas	  de	  forma	  simultánea,	  
y	  ya	  han	  sido	  aplicadas	  al	  estudio	  de	  PPGLs.	  Sin	  embargo,	  algunos	  eventos	  moleculares,	  como	  la	  
expresión	   de	   microRNAs	   y	   eventos	   de	   metilación,	   no	   habían	   sido	   explorados	   cuando	   este	  
proyecto	  de	  tesis	  comenzó	  en	  otoño	  de	  2009.	  	  
En	   la	   primera	  parte	  de	  este	   estudio	  demostramos	  que	   los	  PPGLs	  expresan	  diferentes	   firmas	  de	  
microRNAs	  de	   acuerdo	   al	   fondo	   genético.	  De	  hecho	   fue	   posible	   identificar	   y	   validar	  microRNAs	  
comunes	  a	   todos	   los	  PPGLs,	  así	   como	  específicamente	  asociados	  con	   la	  mutación	  primaria,	  que	  
por	  tanto	  podrían	  ser	  potencialmente	  usados	  para	  guiar	  el	  estudio	  genético.	  
La	   segunda	  parte	  de	  esta	   tesis	   planteó	  una	   integración	  bioinformática	  de	   interacciones	  miRNA-­‐
mRNA,	   que	   señaló	   la	   diferenciación	   neuronal	   como	   proceso	   central	   relacionado	   con	   la	  
patogénesis	   de	   estos	   tumores.	   Ensayos	   funcionales	   con	   células	   PC12	   demostraron	   que	   los	  
microRNAs	  -­‐183/-­‐96	  afectaban	  la	  diferenciación	  neuronal,	  posiblemente	  como	  consecuencia	  de	  la	  
desregulación	  del	  factor	  de	  crecimiento	  inducido	  por	  la	  activación	  de	  RAS,	  según	  se	  desprendía	  de	  
análisis	  proteómico.	  
En	   la	   tercera	   parte	   se	   caracterizaron	   alteraciones	   cromosómicas	   presentes	   en	   PPGLs	   utilizando	  
SNP-­‐arrays,	   que	   permitieron	   además	   detectar	   disomías	   uniparentales,	   como	   la	   que	   afecta	   al	  
cromosoma	   14	   en	   los	   tumores	   asociados	   a	   mutaciones	   en	   MAX.	   Integramos	   los	   resultados	  
procedentes	   de	   arrays	   de	   miRNA,	   mRNA,	   SNP-­‐array,	   y	   datos	   de	   metilación	   para	   obtener	   una	  
perspectiva	   completa	  de	   los	  eventos	  moleculares	  que	  afectan	  al	   cromosoma	  14	  en	   los	   tumores	  
MAX.	  	  
En	   la	   cuarta	   parte	   analizamos	   los	   patrones	   de	   metilación	   asociados	   tanto	   al	   desarrollo	   de	  
metástasis,	   como	   al	   fondo	   genético.	   Nuestros	   resultados	   verificaron	   la	   existencia	   de	   un	   patrón	  
hipermetilado	  asociado	  a	  mutaciones	  en	  los	  genes	  SDH,	  mostraron	  que	  la	  metilación	  difería	  según	  
el	  genotipo,	  y	  permitieron	   identificar	  y	  validar	  52	   islas	  CpGs	  asociadas	  a	  metástasis.	  De	  ellas,	  48	  
mostraron	   tener	   un	   papel	   predictivo	   de	   progresión	   libre	   de	   enfermedad.	   Entre	   ellas,	   se	   pudo	  
validar	   la	  hipermetilación	  de	  RDBP	  asociada	  a	  malignidad	  en	  una	  tercera	  serie	   independiente	  de	  
tumores,	  observación	  que	  permitió	  proponer	  este	  marcador	  como	  predictor	  de	  metástasis.	  
En	  resumen,	  la	  aplicación	  de	  plataformas	  genómicas	  de	  alto	  rendimiento	  al	  estudio	  de	  PPGLs	  ha	  
permitido	  descifrar	  mecanismos	  moleculares	  implicados	  en	  su	  patogénesis.	  
  




GENOMIC & GENETIC DISSECTION OF PPGL 
xiii	  
TABLE OF CONTENT
ABBREVIATIONS .......................................................................................................................... XVII	  
1. INTRODUCTION............................................................................................................................. 1	  1.1.	  GENERAL	  ASPECTS	  OF	  PHEOCHROMOCYTOMA	  &	  PARAGANGLIOMA ........................................................... 3	  1.2.	  GENETICS	  OF	  PHEOCHROMOCYTOMA	  &	  PARAGANGLIOMA ........................................................................... 3	  
1.2.1.	  Von	  Hippel-­Lindau	  Syndrome .................................................................................................................5	  1.2.1.1.	  VHL	  -­‐	  genotype-­‐phenotype	  associations ......................................................................................................................5	  
1.2.2.	  Multiple	  endocrine	  neoplasia	  type	  2 ....................................................................................................7	  
1.2.3.	  Neurofibromatosis	  Type	  1 ........................................................................................................................8	  
1.2.4.	  Paraganglioma-­Pheochromocytoma	  syndromes ...........................................................................8	  1.2.4.1.	  PGL1	  -­‐	  Succinate	  dehydrogenase,	  subunit	  D...............................................................................................................9	  1.2.4.2.	  PGL2	  -­‐	  Succinate	  dehydrogenase	  complex	  assembly	  factor	  2.............................................................................9	  1.2.4.3.	  PGL3	  -­‐	  Succinate	  dehydrogenase,	  subunit	  C ...............................................................................................................9	  1.2.4.4.	  PGL4	  -­‐	  Succinate	  dehydrogenase,	  subunit	  B............................................................................................................10	  1.2.4.5.	  PGL5	  -­‐	  Succinate	  dehydrogenase,	  subunit	  A............................................................................................................10	  
1.2.5.	  Transmembrane	  protein	  127 ............................................................................................................... 10	  
1.2.6.	  MYC	  associated	  factor	  X.......................................................................................................................... 10	  
1.2.7.	  Endothelial	  PAS	  domain	  protein	  1 ..................................................................................................... 11	  
1.2.8.	  Fumarate	  Hydratase ................................................................................................................................ 11	  
1.2.9.	  Harvey	  rat	  sarcoma	  viral	  oncogene	  homolog............................................................................... 11	  
1.2.10.	  Rare	  PPGL	  susceptibility	  genes ......................................................................................................... 12	  1.3.	  COMMON	  MECHANISM	  OF	  TUMORIGENESIS	  IN	  PPGLS ............................................................................... 12	  1.4.	  DIAGNOSIS........................................................................................................................................................... 13	  1.5.	  CHALLENGES	  IN	  DISEASE	  MANAGEMENT....................................................................................................... 14	  1.6.	  PPGL	  IN	  THE	  AGE	  OF	  MOLECULAR	  GENOMICS.............................................................................................. 15	  
1.6.1.	  MicroRNA	  expression	  profiling............................................................................................................ 16	  
1.6.2.	  Chromosomal	  alterations....................................................................................................................... 17	  
1.6.3.	  DNA	  methylation	  profiling .................................................................................................................... 17	  
2. OBJECTIVES ..................................................................................................................................19	  
3. MATERIAL & METHODS .........................................................................................................23	  3.1.	  SAMPLES.............................................................................................................................................................. 25	  
3.1.2.	  Samples	  for	  microRNA	  expression...................................................................................................... 25	  
3.1.3.	  Samples	  for	  SNP-­array	  genotyping.................................................................................................... 26	  
3.1.4.	  DNA	  methylation	  samples...................................................................................................................... 26	  3.2.	  BIOMOLECULES .................................................................................................................................................. 27	  
3.2.1.	  DNA	  extraction	  &	  purification ............................................................................................................. 27	  3.2.1.1.	  DNA	  from	  frozen	  tissue .....................................................................................................................................................28	  3.2.1.2.	  DNA	  from	  FFPE	  tissue........................................................................................................................................................28	  3.2.1.3.	  DNA	  quantification	  by	  PicoGreen .................................................................................................................................28	  
3.2.2.	  RNA	  Extraction ........................................................................................................................................... 29	  3.2.2.1.	  RNA	  from	  Frozen	  Tissue...................................................................................................................................................29	  3.2.2.2.	  RNA	  from	  FFPE	  tissue........................................................................................................................................................29	  3.2.2.3.	  DNase	  treatment	  of	  RNA	  sample...................................................................................................................................30	  3.2.2.4.	  RNA	  concentration	  &	  quality ..........................................................................................................................................30	  
TABLE OF CONTENT 
 
A. A. DE CUBAS 
xiv	  
3.2.3.	  Protein	  extraction	  &	  purification........................................................................................................30	  3.3.	  MICRORNA	  EXPRESSION..................................................................................................................................31	  
3.3.1.	  MicroRNA	  hybridization	  &	  processing..............................................................................................31	  
3.3.4.	  Real-­time	  quantitative	  PCR	  (RT-­qPCR)	  for	  miRNAs ...................................................................31	  3.4.	  ADDITIONAL	  MICROARRAY	  EXPRESSION	  DATA.............................................................................................32	  
3.4.1.	  PPGL	  gene	  expression	  profiles ..............................................................................................................32	  
3.4.2.	  PC12	  cell	  miRNA	  profiling	  data	  set ....................................................................................................32	  
3.4.3.	  RDBP	  knock-­down	  in	  T47D	  breast	  cancer	  cells ............................................................................32	  3.5.	  PROTEOMIC	  ANALYSES......................................................................................................................................32	  
3.5.1.	  LC-­MS/MS	  analysis ....................................................................................................................................33	  3.6.	  HIGH-­‐DENSITY	  SNP-­‐ARRAY	  GENOTYPING ....................................................................................................33	  3.7.	  DNA	  METHYLATION .........................................................................................................................................33	  
3.7.1.	  Bisulfite	  conversion	  of	  DNA ...................................................................................................................34	  
3.7.2.	  Methylation-­specific	  PCR ........................................................................................................................34	  
3.7.3.	  Illumina	  Infinium®	  Methylation	  Assay..............................................................................................35	  
3.7.4.	  Bisulfite	  pyrosequencing .........................................................................................................................35	  3.8.	  CELL	  CULTURE ....................................................................................................................................................35	  
3.8.1.	  miRNA	  mimics	  &	  transfections.............................................................................................................36	  
3.8.2.	  Quantitative	  analysis	  of	  cellular	  morphology	  &	  differentiation............................................36	  3.9.	  BIOINFORMATICS	  ANALYSES ............................................................................................................................37	  
3.9.1.	  Analysis	  of	  mRNA	  and	  miRNA	  microarray	  data ...........................................................................38	  3.9.1.1.	  Unsupervised	  analysis....................................................................................................................................................... 38	  3.9.1.2.	  Supervised	  analysis	  and	  miRNA	  marker	  selection ............................................................................................... 38	  3.9.1.3.	  Integration	  of	  mRNA	  and	  miRNA	  expression	  profiles......................................................................................... 38	  
3.9.2.	  Proteomic	  data	  analysis ..........................................................................................................................39	  
3.9.3.	  SNP-­Array	  Data...........................................................................................................................................40	  
3.9.4.	  Illumina	  Infinium®	  Methylation	  Assay	  data	  processing..........................................................40	  3.9.4.1.	  Unsupervised	  analyses...................................................................................................................................................... 40	  3.9.4.2.	  Supervised	  analyses ........................................................................................................................................................... 41	  
3.9.4.3.	  Malignancy-­associated	  CpGs .............................................................................................................41	  3.9.4.4.	  Survival	  Analyses................................................................................................................................................................. 41	  3.9.4.5.	  Other	  Bioinformatics	  methods	  for	  DNA	  methylation .......................................................................................... 42	  
4. RESULTS .......................................................................................................................................... 43	  4.1.	  PART	  1.	  MICRORNA	  EXPRESSION	  PROFILING	  IN	  PPGL .............................................................................47	  
4.1.1.	  PPGL	  microRNA	  profiles..........................................................................................................................47	  
4.1.2.	  Unsupervised	  analysis ..............................................................................................................................47	  
4.1.3.	  Supervised	  analyses...................................................................................................................................49	  
4.1.4.	  Validation	  of	  miRNA	  expression ..........................................................................................................50	  4.2.	  PART	  2.	  INTEGRATION	  OF	  MIRNA-­‐MRNA	  EXPRESSION	  PROFILES ..........................................................53	  
4.2.1.	  Integration	  of	  miRNA	  and	  mRNA	  expression	  profiles ................................................................53	  
4.2.2.	  Commonly	  deregulated	  miRNA	  in	  PPGLs.........................................................................................54	  
4.2.3.	  Potential	  miRNA-­regulated	  pathways	  in	  PPGL	  genetic	  groups.............................................54	  
4.2.4.	  miRNAs	  in	  Pseudohypoxic	  (VHL	  and	  SDHD)	  tumors ..................................................................55	  
4.2.5.	  miRNAs	  in	  "Cluster	  2"	  PPGLs.................................................................................................................55	  
4.2.6.	  Similar	  miRNA-­regulated	  pathways	  in	  "Cluster	  2"	  tumors .....................................................56	  
4.2.7.	  MiRNAs	  deregulated	  in	  PPGLs	  may	  have	  roles	  in	  neuronal/	  	   	  	  neuroendocrine-­like	  
differentiation	   56	  
4.2.8.	  MiRNA-­183/-­96	  inhibit	  NGF-­induced	  differentiation ................................................................57	  
TABLE OF CONTENT 
 
GENOMIC & GENETIC DISSECTION OF PPGL 
xv	  
4.2.9.	  Proteomic	  analysis	  validates	  miRNA-­mRNA	  integration	  &	  offers	  insight	  into	  miRNA	  
mode	  of	  regulation................................................................................................................................................ 59	  4.3.	  PART	  3.	  CHROMOSOMAL	  ALTERATIONS	  IN	  PPGL ....................................................................................... 61	  
4.3.1.	  High-­density	  SNP	  genotyping	  in	  PPGL ............................................................................................. 61	  
4.3.2.	  Ploidy	  and	  aberrant	  cell	  fraction	  in	  PPGLs .................................................................................... 62	  
4.3.3.	  Chromosomal	  alterations	  in	  PPGLs ................................................................................................... 63	  
4.3.4.	  Imprinted	  genes	  affected	  by	  chr14	  UPD	  in	  MAX	  tumors .......................................................... 64	  4.4.	  PART	  4.	  DNA	  METHYLATION	  PROFILING	  IN	  PPGL..................................................................................... 67	  
4.4.1.	  DNA	  methylation	  profiling	  in	  DS	  and	  VS1 ...................................................................................... 67	  
4.4.2.	  DNA	  methylation	  in	  PPGL	  strongly	  influenced	  by	  genetic	  background............................. 68	  
4.4.3.	  Supervised	  analyses	  identifies	  PPGL	  experimental	  group	  specific	  CpGs ........................... 69	  
4.4.4.	  Potential	  pathways	  affected	  by	  PPGL	  DNA	  methylation .......................................................... 70	  
4.4.5.	  CpGs	  associated	  with	  malignancy	  and	  progression ................................................................... 71	  
4.4.6.	  Validation	  of	  malignancy-­associated	  CpGs	  by	  Pyrosequencing ............................................ 74	  
4.4.7.	  RDBP	  KO	  in	  T47D	  cells	  and	  PPGLs ..................................................................................................... 74	  
5.	  DISCUSSION ....................................................................................................................................75	  5.1.	  PART	  1.	  MICRORNA	  EXPRESSION	  IN	  PPGL ................................................................................................. 77	  
5.1.1.	  PPGLs	  classified	  according	  to	  miRNA	  expression ........................................................................ 77	  
5.1.2.	  miRNA	  as	  markers	  in	  PPGL ................................................................................................................... 77	  
5.1.3.	  VHL	  and	  SDHB	  tumors	  overexpress	  pseudohypoxic	  miRNA ................................................... 78	  
5.1.4.	  SDHB-­specific	  miR-­183/96	  facilitate	  escape	  from	  neuronal	  apoptosis............................. 78	  
5.1.5.	  Differential	  expression	  of	  miRNAs	  in	  MAX	  tumors...................................................................... 79	  
5.1.6.	  Closing	  remarks.......................................................................................................................................... 79	  
5.2.1.	  Integration	  reveals	  possible	  roles	  in	  neuronal	  differentiation .............................................. 81	  
5.2.2.	  miR183/96	  interfering	  with	  NGF-­induced	  differentiation...................................................... 82	  
5.2.3.	  Proteomic	  analysis .................................................................................................................................... 83	  
5.2.4.	  Closing	  remarks.......................................................................................................................................... 83	  5.3.	  PART	  3.	  CHROMOSOMAL	  ABERRATIONS	  IN	  PPGL....................................................................................... 85	  
5.3.1.	  Benefits	  and	  pitfalls	  of	  SNP-­array	  analysis .................................................................................... 85	  
5.3.2.	  Cytogenetic	  landscape	  in	  PPGL............................................................................................................ 86	  
5.3.3.	  Chromosomal	  alterations	  in	  PPGL ..................................................................................................... 87	  
5.3.4.	  Exclusive	  gain	  of	  chromosome	  2p	  in	  EPAS1	  tumors................................................................... 88	  
5.3.5.	  Chromosome	  14	  UPD	  in	  MAX	  tumors................................................................................................ 88	  
5.3.6.	  Closing	  remarks.......................................................................................................................................... 89	  
5.4.1.	  PPGL	  genetic	  background	  affects	  DNA	  methylation .................................................................. 91	  
5.4.2.	  SDHx	  PPGLs	  have	  high-­CIMP................................................................................................................ 92	  
5.4.3.	  DNA	  methylation	  influences	  secretory	  phenotype ...................................................................... 92	  
5.4.4.	  MEG3	  hypermethylated	  verified	  in	  MAX	  tumors.......................................................................... 93	  
5.4.5.	  DNA	  methylation	  associated	  with	  PPGL	  malignancy ................................................................ 93	  
5.4.6.	  Closing	  remarks.......................................................................................................................................... 95	  
6. CONCLUSIONS..............................................................................................................................97	  CONCLUSIONES	  IN	  ENGLISH ............................................................................................................................... 99	  CONCLUSIONES	  EN	  ESPAÑOL............................................................................................................................101	  
7. REFERRENCES.......................................................................................................................... 103	  
8. SUPPLEMENTARY MATERIAL ........................................................................................ 117	  
TABLE OF CONTENT 
 
A. A. DE CUBAS 
xvi	  
9. PRIMARY PUBLICATIONS ..................................................................................................119	  9.1.	  DNA	  METHYLATION	  PROFILING	  OF	  PHEOCHROMOCYTOMA	  AND	  PARAGANGLIOMA	  REVEALS	  MALIGNANCY-­‐ASSOCIATED	  CPGS	  INDEPENDENT	  OF	  GENETIC	  BACKGROUND. ............................................. 121	  9.2.	  KREBS	  CYCLE	  METABOLITE	  PROFILING	  FOR	  INDENTIFICATION	  AND	  STRATIFICATION	  OF	  PHEOCHROMOCYTOMAS/PARAGANGLIOMAS	  DUE	  TO	  SUCCINATE	  DEHYDROGENASE	  DEFICIENCY. ....... 123	  9.3.	  OPPOSING	  EFFECTS	  OF	  HIF1Α	  AND	  HIF2Α	  ON	  CHROMAFFIN	  CELL	  PHENOTYPIC	  FEATURES	  AND	  TUMOR	  CELL	  PROLIFERATION:	  INSIGHTS	  FROM	  MYC-­‐ASSOCIATED	  FACTOR	  X............................................ 135	  9.4.	  GERMLINE	  MUTATIONS	  IN	  FH	  CONFER	  PREDISPOSITION	  TO	  MALIGNANT	  PHEOCHROMOCYTOMAS	  AND	  PARAGANGLIOMAS................................................................................................................................................... 147	  9.5.	  INTEGRATIVE	  ANALYSIS	  OF	  MIRNA	  AND	  MRNA	  EXPRESSION	  PROFILES	  IN	  PHEOCHROMOCYTOMA	  AND	  PARAGANGLIOMA	  IDENTIFIES	  GENOTYPE-­‐SPECIFIC	  MARKERS	  AND	  POTENTIALLY	  REGULATED	  PATHWAYS. ............................................................................................................................................................... 155	  9.6.	  TUMORAL	  EPAS1	  (HIF2A)	  MUTATIONS	  EXPLAIN	  SPORADIC	  PHEOCHROMOCYTOMA	  AND	  PARAGANGLIOMA	  IN	  THE	  ABSENCE	  OF	  ERYTHROCYTOSIS................................................................................ 173	  9.7.	  MAX	  MUTATIONS	  CAUSE	  HEREDITARY	  AND	  SPORADIC	  PHEOCHROMOCYTOMA	  AND	  PARAGANGLIOMA..................................................................................................................................................................................... 181	  9.8.	  THYROID	  PARAGANGLIOMA.	  REPORT	  OF	  3	  CASES	  AND	  DESCRIPTION	  OF	  AN	  IMMUNOHISTOCHEMICAL	  PROFILE	  USEFUL	  IN	  THE	  DIFFERENTIAL	  DIAGNOSIS	  WITH	  MEDULLARY	  THYROID	  CARCINOMA,	  BASED	  ON	  COMPLEMENTARY	  DNA	  ARRAY	  RESULTS. .......................................................................................................... 191	  9.9.	  EXOME	  SEQUENCING	  IDENTIFIES	  MAX	  MUTATIONS	  AS	  A	  CAUSE	  OF	  HEREDITARY	  PHEOCHROMOCYTOMA. .......................................................................................................................................... 201	  





GENOMIC & GENETIC DISSECTION OF PPGL 
xvii	  
ABBREVIATIONS
2-­‐OG:	  2-­‐oxoglutarate,	  or	  α-­‐ketoglutarate	  
5mC:	  5-­‐methylcytosine	  
A-­‐CGH:	  Array-­‐comparative	  genomic	  hybridization	  	  
ABAT:	  4-­‐aminobtyrate	  aminotransferase	  
aCGH:	  Array-­‐comparative	  genomic	  hybridization	  	  
ACO1:	  Aconitase	  1	  	  
ADSSL1:	  Adenylosuccinate	  synthase	  like	  1	  
AKT:	   v-­‐akt	   murine	   thymoma	   viral	   oncogene	  
homolog	  1	  
ANOVA:	  Analysis	  of	  variance	  
APAF:	  Tumor	  protein	  p53	  
aPKC:	  atypical	  protein	  kinase	  C	  
ARHGAP18:	  Rho	  GTPase-­‐activating	  protein	  18	  
ARHGAP26:	  Rho	  GTPase	  activating	  protein	  26	  
ARHGEF9:	   Cdc42	   guanine	   nucleotide	   exchange	  
factor	  9	  
arrayCGH:	   Array-­‐comparative	   genomic	  
hybridization	  
ASCAT:	   Allele-­‐specific	   copy	   number	   analysis	   of	  
tumors	  
BAK1:	  BCL2-­‐antagonist/killer	  1	  
BCL2:	  B-­‐cell	  CLL/lymphoma	  2	  
BDNF:	  Brain-­‐derived	  neurotrophic	  factor	  
BMP2:	  Bone	  morphogenetic	  protein	  2	  
BMP7:	  Bone	  morphogenic	  protein	  7	  
BMPR1B	  :	  BMP	  receptor	  type	  1B	  
BRCA1:	  Breast	  cancer	  1,	  early	  onset	  	  
BRCA2:	  Breast	  cancer	  2,	  early	  onset	  
C-­‐JUN:	  Jun	  proto-­‐oncogene	  
CALM1:	  Calmodulin	  1	  
CAMK2G:	   Calcium/calmodulin-­‐dependent	  
protein	  kinase	  II	  gamma	  
cAMP:	  Cyclic	  adenosine	  monophosphate	  
cAMP:	  Cylic	  AMP	  
CCND1:	  Cyclin	  D1	  	  
CDC42:	  cell	  division	  cycle	  42	  	  
CDH:	  Cadherin	  
CDH6:	   Cadherin	   6,	   type	   2,	   K-­‐cadherin	   (fetal	  
kidney)	  
CDK2:	  Cyclin-­‐dependent	  kinase	  2	  
CDKN2A:	  Cyclin-­‐dependent	  kinase	  inhibitor	  2A	  
CDKN2B:	   Cyclin-­‐dependent	   kinase	   inhibitor	   2B	  
(p15,	  inhibits	  CDK4)	  
CGH:	  Comparative	  genomic	  hybridization	  	  
CGI:	  CpG	  islands	  
CHEK1:	  Checkpoint	  kinase	  1	  
CIMP:	  CpG	  island	  hypermethylator	  phenotype	  
Cluster	   2:	   Contains	   RET,	   NF1,	   MAX,	   TMEM127,	  
and	  HRAS	  mutant	  tumors	  
CNIO:	  Spanish	  National	  Cancer	  Research	  Centre	  
CNS:	  Central	  nervous	  system	  
COBRA1:	  Cofactor	  of	  BRCA1,	  or	  NELFB	  
CpG:	   Cytosine	   followed	   by	   guanine	   in	   5'	   to	   3'	  
direction	  
CREB:	  cAMP	  responsive	  element	  binding	  protein	  
CREB5:	   cAMP	   responsive	   element	   binding	  
protein	  5	  
CREB5:	   cAMP	   responsive	   element	   binding	  
protein	  5	  
CRK:	   V-­‐crk	   sarcoma	   virus	   CT10	   avian	   oncogene	  
homolog	  
CS:	  Citrate	  synthase	  
CSNK1E:	  Casein	  kinase	  1,	  epsilon	  
CTDSP1:	  	  CTD	  small	  phosphatase	  1	  
CYFIP2:	  Cytoplasmic	  FMR1	  interacting	  protein	  2	  
DAPK1:	  Death-­‐associated	  protein	  kinase	  1	  
DAPK2:	  Death-­‐associated	  protein	  kinase	  2	  
DBR:	  David	  Bioinformatics	  Resourses	  
DICER1:	  Dicer	  1,	  ribonuclease	  type	  III	  
DLK1:	  Delta-­‐like	  kinase	  1	  
DMR:	  Differentially	  methylated	  region	  
DNA:	  Deoxyribonucleic	  acid	  
DS:	  Discovery	  Series	  
DSIF:	  DRB-­‐sensitive	  factor	  complex	  
DWI_MRI:	  diffusion-­‐weighted	  MRI	  
ECM:	  Extracellular	  matrix	  
EGF:	  	  Epidermal	  growth	  factor	  
EGFR:	  Epidermal	  growth	  factor	  receptor	  
EGLN1:	  Egl-­‐9	  family	  hypoxia-­‐inducible	  factor	  1,	  or	  
PHD2	  
EGLN2:	  Egl-­‐9	  family	  hypoxia-­‐inducible	  factor	  1,	  or	  
PHD1	  
EGLN3:	  Egl-­‐9	  family	  hypoxia-­‐inducible	  factor	  3,	  or	  
PHD3	  
ENS@T:	   European	   Network	   for	   the	   Study	   of	  
Adrenal	  Tumors	  
EPAS1:	   Endothelial	   PAS	   domain	   protein	   1,	   or	  
HIF2α	  




FAK:	  Focal	  adhesion	  kinase	  
FARP1:	   FERM,	   RhoGEF	   (ARHGEF)	   and	   pleckstrin	  
domain	  protein	  1	  
FAS:	  Fas	  cell	  surface	  death	  receptor	  
FDA:	  6-­‐[18F]fluorodopamine	  	  
FDG:	  2-­‐[18F]fluoro-­‐2-­‐deoxy-­‐D-­‐glucose	  
FDR:	  False	  discovery	  rate	  
FFPE:	  Formalin	  fixed	  paraffin	  embeded	  
FH:	  Fumarate	  hydratase	  
FOXO3:	  Forkhead	  box	  O3	  
FRZB:	  Frizzled-­‐related	  protein	  
FSCN1:	  Fascin	  homolog	  1	  
FYN:	   FYN	   proto-­‐oncogene,	   Src	   family	   tyrosine	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kinase	  
GAB2:	  GRB2-­‐associated	  binding	  protein	  2	  
GABA:	  Gamma-­‐aminobutyric	  acid	  
GABRB3:	  GABA	  A	  receptor	  B3	  
GABRG2:	  GABA	  A	  receptor	  G2	  
GDNF:	  Glial	  cell	  line-­‐derived	  neurotropic	  factor	  
GEO:	  Gene	  expression	  omnibus	  
GEO:	  Gene	  expression	  Omnibus	  
GPR61:	  G	  protein-­‐coupled	  receptor	  61	  
GSTP1:	  Glutathione	  S-­‐transferase	  pi	  1	  
GWAS:	  Genome	  wide	  association	  studies	  
HDAC11:	  Histone	  deacetylase	  11	  
HDAC3:	  Histone	  deacetylase	  3	  
HIF:	  Hypoxia	  inducible	  factor,	  1	  or	  2	  
HIF1:	   HIF1α-­‐HIFβ	   heterodimer	   transcription	  
factor	  
HIF1α:	  Hypoxia	  inducible	  factor	  1,	  alpha	  subunit	  	  
HIF2:	   HIF2α-­‐HIFβ	   heterodimer	   transcription	  
factor	  
HIF2α:	  Hypoxia	  inducible	  factor	  1,	  alpha	  subunit,	  
or	  EPAS1	  
HRAS:	   Harvey	   rat	   sarcoma	   viral	   oncogene	  
homolog)	  gene	  
HSPC300:	   BRICK1,	   SCAR/WAVE	   actin-­‐nucleating	  
complex	  subunit,	  or	  BRK1	  
HTRA2:	  HtrA	  serine	  peptidase	  2	  
IDH1:	   Isocitrate	   dehydrogenase	   1	   (NADP+),	  
soluble	  	  
IDH2:	   Isocitrate	   dehydrogenase	   2	   (NADP+),	  
mitochondrial	  
IGF2:	   Insulin-­‐like	   growth	   factor	   2	   (somatomedin	  
A)	  
INPP4A:	   Inositol	   polyphosphate-­‐4-­‐phosphatase,	  
type	  I,	  107kDa	  
IRB:	  Institution	  review	  board	  
ITGA6:	  Integrin,	  alpha	  6	  
JUNB:	  Jun	  B	  proto-­‐oncogene	  
KDM5B:	  Histone	  H3	  Lys4	  demethylase	  
KIF1Bβ:	  Kinesin	  family	  member	  1B	  
KRAS:	   Kirsten	   rat	   sarcoma	   viral	   oncogene	  
homolog	  
LGI1:	  Leucine-­‐rich,	  glioma	  inactivated	  1	  
LOH:	  Loss	  of	  heterozygosity	  
LZTS1:	  Leucine	  zipper,	  putative	  tumor	  suppressor	  
1	  
MAGIA:	  miRNAs	  and	  genes	  integrated	  analysis	  
MAPK11:	  Mitogen-­‐activated	  protein	  kinase	  11	  
MAPK7:	   Mitogen-­‐activated	   protein	   kinase	   7,	   or	  
Erk5	  
MAPT:	  microtubule-­‐associated	  protein	  tau	  
MAX:	  MYC	  associated	  factor	  X	  
MCM5:	   Mini-­‐chromosome	   maintenence	   protein	  
5	  
MEG3:	  Maternally	  expressed	  gene	  3	  
MEN1:	  Multiple	  endocrine	  neoplasia	  I	  
MEN1:	   Multiple	   endocrine	   neoplasia	   syndrome	  
type	  1	  
MEN2:	   Multiple	   endocrine	   neoplasia	   syndrome	  
type	  2	  	  
MEN2A:	  Multiple	  endocrine	  neoplasia,	  type	  2A	  
MEN2B:	  Multiple	  endocrine	  neoplasia,	  type	  2B	  
MIBG:	  [123/131I]-­‐metaiodobenzylguanidine	  
miR:	  MicroRNA	  
miRNA:	  MicroRNA	  or	  micro-­‐ribonucleic	  acid	  
MRI:	  magnetic	  resonance	  imaging	  
mRNA:	  Messenger	  ribonucleic	  acid	  
MSP:	  Methylation-­‐specific	  PCR	  
MSX1:	  Msh	  homeobox	  1	  	  
MTHFD2:	   Methylenetetrahydrofolate	  
dehyrogenase	  2	  
mTOR:	   Mechanistic	   target	   of	   rapamycin	  
(serine/threonine	  kinase)	  
MYC:	   V-­‐myc	   avian	   myelocytomatosis	   viral	  
oncogene	  homolog	  
MYCL:	   V-­‐myc	   avian	   myelocytomatosis	   viral	  
oncogene	  lung	  carcinoma	  derived	  homolog	  
NCOR1:	  Nuclear	  receptor	  corepressor	  1	  
NELFB:	   Negative	   elongation	   factor	   complex	  
member	  B	  
NF1:	  Neurofibromatosis	  type	  1	  	  
NGF:	  Nerve	  growth	  factor	  
nMA:	  Normal	  adrenal	  medulla	  
NMYC:	   V-­‐myc	   avian	   myelocytomatosis	   viral	  
oncogene	  neuroblastoma	  derived	  homolog	  
NOXA:	   Phorbol-­‐12-­‐myristate-­‐13-­‐acetate-­‐induced	  
protein	  1,	  or	  PMAIP1	  
NPFF:	  Neuropeptide	  FF-­‐amide	  peptide	  precursor	  
NRAS:	  Neuroblastoma	  RAS	  viral	  (v-­‐ras)	  oncogene	  
homolog	  
NSF:	  N-­‐ethylmaleimide-­‐sensitive	  factor	  
NTRK1:	   Neurotrophic	   tyrosine	   kinase,	   receptor,	  
type	  1	  
OMIC:	  High-­‐throughput	  genomic	  technology	  
OXCT1:	  3-­‐oxoacid	  CoA	  transferase	  1	  
P19:	  Stem	  cells	  
P53:	  Tumor	  protein	  p53	  
PAI1:	  Serpin	  peptidase	  inhibitor,	  clade	  E,	  member	  
1,	  or	  SERPINE1	  
PASS:	   Pheochromocytoma	   of	   the	   adrenal	   gland	  
scaled	  score	  
PC:	  Pyruvate	  carboxylase	  
PC12:	  Rat	  pheochromocytoma	  cell	  line	  
PDH:	  Proline	  hydroxylase	  
PDH2:	  Proline	  hydroxylase	  2,	  or	  EGLN1	  
PDH3:	  Proline	  hydroxylase	  3,	  or	  EGLN3	  
PET:	  positron	  emission	  tomography	  
PFS:	  Progression-­‐free	  survival	  
PGBD3:	  PiggyBac	  transposable	  element	  derived	  3	  
PGL-­‐:	   Paraganglioma-­‐pheochromocytoma	  
syndromes	  (PGL)	  
PGL1:	   Paraganglioma-­‐pheochromocytoma	  
syndrome	  1	  caused	  by	  SDHD	  mutations	  
PGL2:	   Paraganglioma-­‐pheochromocytoma	  
syndrome	  2	  caused	  by	  SDHAF2	  mutations	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PGL3:	   Paraganglioma-­‐pheochromocytoma	  
syndrome	  3	  caused	  by	  SDHC	  mutations	  
PGL4:	   Paraganglioma-­‐pheochromocytoma	  
syndrome	  4	  caused	  by	  SDHB	  mutations	  
PGL5:	   Paraganglioma-­‐pheochromocytoma	  
syndrome	  5	  caused	  by	  SDHAF2	  mutations	  
PI3K:	  phosphatidylinositol	  3	  kinase	  
PIK3R1:	   Phosphoinositide-­‐3-­‐kinase	   regulatory	  
subunit	  1	  alpha	  
Pitx3:	  Paired-­‐like	  homeodomain	  3	  
PLCB4:	  Phospholipase	  C	  beta	  4	  
PMAIP1:	   Phorbol-­‐12-­‐myristate-­‐13-­‐acetate-­‐
induced	  protein	  1,	  or	  NOXA	  
PNMT:	  Phenylethanolamine	  N-­‐methyltransferase	  
PPGL:	  Pheochromocytoma	  and	  paraganglioma	  
PPP2R5C:	   Protein	   phosphatase	   2,	   regulatory	  
subunit	  B',	  gamma	  
PRDX6:	  Peroxiredoxin	  6	  
PRKCA:	  Protein	  kinase	  C,	  alpha	  
PRKCD:	  Protein	  kinase	  C,	  delta	  
PSEN1:	  Presenilin	  1	  
PTEN:	  Phosphatase	  and	  tensin	  homolog	  
pVHL:	  von	  Hippel-­‐Lindau	  (VHL)	  gene	  product	  
PYGO1:	  Pygopus	  family	  PHD	  finger	  1	  
RASSF1:	   Ras	   association	   (RalGDS/AF-­‐6)	   domain	  
family	  member	  1	  
RB1:	  Retinoblastoma	  1	  
RCC:	  Renal	  cell	  carcinoma	  
RDBP:	   Negative	   elongation	   factor	   complex	  
member	  E,	  or	  NELFE	  
RDX:	  Radixin	  	  
REST/NRSF:	  RE1-­‐silencing	  transcription	  factor	  
RET:	  Ret	  proto-­‐oncogene	  
RISC:	  RNA	  induced	  gene	  silencing	  complex	  
RNA:	  Ribonucleic	  acid	  
RUNX2:	  Runt-­‐related	  transcription	  factor	  2	  
SALL4:	  Spalt-­‐like	  transcription	  factor	  4	  
SDH:	   Succinate	  dehydrogenase,	   part	   of	   Complex	  
2	  of	  electron	  transport	  chain	  
SDHA:	  Subunit	  A	  of	  succinate	  dehydrogenase	  
SDHAF2:	   Subunit	   AF2	   of	   succinate	  
dehydrogenase	  
SDHB:	  Subunit	  B	  of	  succinate	  dehydrogenase	  
SDHC:	  Subunit	  C	  of	  succinate	  dehydrogenase	  
SDHD:	  Subunit	  D	  of	  succinate	  dehydrogenase	  
SDHx:	  Succinate	  dehydrogenase,	  subunit	  x	  
SERPINE1:	   Serpin	   peptidase	   inhibitor,	   clade	   E,	  
member	  1,	  or	  PAI1	  
SGSH:	  N-­‐sulfoglucosamine	  sulfohydrolase	  
SHC1:	   Src	   homology	   2	   domain	   containing	  
transforming	  protein	  1	  
SLC6A2:	  Solute	  carrier	  family	  6	  (neurotransmitter	  
transporter),	  member	  2	  
SNP-­‐A:	  SNP-­‐array	  
SORCS1:	   sortilin-­‐related	   VPS10	   domain	  
containing	  receptor	  1	  
SPOCK2:	   Sparc/osteonectin,	   cwcv	   and	   kazal-­‐like	  
domains	  proteoglycan	  (testican)	  2	  
SRC:	  SRC	  proto-­‐oncogene,	  non-­‐receptor	  tyrosine	  
STMN1:	  Stathmin	  1	  
Succ:	  Succinate	  
T47D:	  Breast	  cancer	  cell	  line	  
TCF7:	  Transcription	  factor	  7	  (T-­‐cell	  specific,	  HMG-­‐
box)	  
TET:	  Tet	  methylcytosine	  dioxygenase	  
TH:	  Tyrosine	  hydroxylase	  
TLN2:	  Talin	  
TMEM127:	  Transmembrane	  protein	  127	  
TNFRSF1A:	   Tumor	   necrosis	   factor	   recpetor	  
superfamily	  member	  1A	  	  
TP73:	  Tumor	  protein	  p73	  
TRAK1:	  Trafficking	  protein,	  kinesin	  binding	  1	  
TUB:	  Tubby	  bipartite	  transcription	  factor	  
UPD:	   Unipaternal	   dissomy,	   or	   copy	   neurtal	  
duplication	  
UTR:	  Untranslated	  region	  
VHL:	  von	  Hippel-­‐Lindau	  
VHL/SDH:	   Cluster	   1	   containing	   VHL-­‐	   and	   SDHx-­‐
related	  
VLDLR:	  Very	  low	  density	  lipoprotein	  receptor	  
VS1:	  Validation	  Series	  1	  (COMETE	  cohort)	  
VS1:	  Validation	  Series	  1;	  COMETE	  Series	  tumors	  
VS2:	  Validation	  Series	  2	  
VS2:	   Validation	   Series	   2;	   FFPE	   tumors	   for	  
validation	  by	  pyrosequencing	  
WNT:	   Wingless-­‐type	   MMTV	   integration	   site	  
family	  member	  
WNT10A:	   Wingless-­‐type	   MMTV	   integration	   site	  
family,	  member	  10A	  	  	  
WNT6:	   Wingless-­‐type	   MMTV	   integration	   site	  
family,	  member	  6	  
WT:	   Wild	   type	   (no	   mutation	   in	   known	   PPGL	  
susceptibility	  genes)	  
	  
:	  Chinese	  symbol	  for	  "Ink"	  (Mandarine)	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1.1.	  General	  aspects	  of	  pheochromocytoma	  &	  paraganglioma	  
Pheochromocytoma	   (PCC)	   is	   a	   rare	   neuroendocrine	   tumor	   of	   neural	   crest	   origin	   derived	   from	  
chromaffin	   cells	   of	   the	   adrenal	   medulla	   (Figure	   1.1.).	   Paraganglioma	   (PGL),	   a	   closely	   related	  
tumor,	   arise	   from	   the	   paraganglia	   of	   the	   autonomic	   nervous	   system,	   which	   are	   distributed	  
throughout	  the	  body	  and	  play	  an	  important	  role	  in	  oxygen	  homeostasis	  1.	  PGLs	  can	  be	  subdivided	  
into	   sympathetic	   or	   parasympathetic	   based	   on	   their	   location.	   Parasympathetic	   PGLs	   develop	   in	  
the	   head	   and	   neck	   region	   and	   can	   be	   located	   in	   the	   carotid	   body,	   in	   the	   vagal	   body,	   in	   the	  
jugulotympanic	   region,	   in	   the	  superior	  and	   inferior	   laryngeal	  paraganglionic	   tissues,	   in	   the	  nasal	  
cavity,	  or	  in	  the	  orbit	  (Figure	  1.1.).	  Sympathetic	  PGLs	  are	  located	  in	  the	  thorax,	  abdomen,	  pelvis,	  
and	  urinary	  bladder	   (Figure	  1.1.).	  Head	  and	  neck	  PGLs	  are	  associated	  with	   the	  parasympathetic	  
nervous	  system	  and	  usually	  lack	  endocrine	  activity.	  Collectively,	  PCC	  and	  PGLs	  are	  referred	  to	  as	  
PPGLs.	  
	  
On	  the	  other	  hand,	  sympathetic	  
PGL,	   as	   well	   as	   PCC,	   are	   more	  
closely	   associated	   with	   the	  
sympathetic	   nervous	   system,	  
and	   often	   secrete	   higher	   levels	  
of	   catecholamine	   1.	   As	   a	   result,	  
many	   patients	   with	   PPGL	  
present	   continuously	   or	  
paroxysmal	   increase	   in	   blood	  
pressure	   due	   excessive	  
catecholamine	   secretion	   2.	  
Thus,	   the	   majority	   of	   our	  
research	   efforts	   focused	  
primarily	  on	  those	  tumors	  related	  to	  (or	  derived	  from)	  the	  sympathetic	  nervous	  system.	  
	  
1.2.	  Genetics	  of	  pheochromocytoma	  &	  paraganglioma	  
PPGL	  can	  occur	  sporadically,	  or	  in	  the	  context	  of	  hereditary	  syndromes,	  such	  as	  von	  Hippel-­‐Lindau	  
(VHL)	   syndrome,	  multiple	   endocrine	   neoplasia	   type	   2	   (MEN2),	   neurofibromatosis	   type	   1	   (NF1),	  
and	  paraganglioma-­‐pheochromocytoma	  syndromes	  (PGL)	  1,	  2,	  3,	  &	  4.	  Since	  the	  discovery	  of	  NF1	  
as	   the	   first	   PPGL	   susceptibility	   gene,	   numerous	   other	   genes	   have	   been	   identified	   in	   which	  
mutations	  confer	  susceptibility	  to	  develop	  these	  tumors	  (Figure	  1.2.).	  Table	  1.1	  gives	  an	  overview	  
of	  the	  known	  genes	  involved	  in	  PPGL.	  	  
	  	  	  	  	  	  	  
	  
Figure	  1.1.	  The	  paraganglial	   system.	   Topographic	   sites	  of	  
PCCare	  indicated	  in	  pink,	  and	  PGLs	  indicated	  in	  red.	  A)	  Adrenal	  
PCC.	   Extra-­‐adrenal	   PCC,	   now	   called	   sympathetic	   PGL.	   B)	  
parasympathetic	  PGL	  located	  in	  the	  head	  and	  neck	  region.	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Originally,	  it	  was	  thought	  that	  10%	  of	  PPGLs	  were	  hereditary,	  but	  research	  over	  the	  past	  decade	  
and	  a	  half	  has	  shown	  that	  this	  proportion	  is	  currently	  close	  to	  40%	  (Table	  1.1).	  In	  addition,	  recent	  
findings	  have	  demonstrated	  that	  40%	  of	  PPGL	  will	  exhibit	  somatic	  mutations	  at	  these	  same	  genes.	  
Thus,	  recent	  evidences	  show	  that	  at	  least	  60%	  of	  PPGLs	  will	  have	  germline	  or	  somatic	  mutations	  
in	   the	   genes	   in	   table	  
1.1.	   It	   is	   expected	   that	  
this	  percentage	  will	  rise	  
as	   the	   contribution	   of	  
novel	   susceptibility	  
genes,	   such	   as	   EPAS1	  
and	   HRAS,	   becomes	  
known.	  	  






syndrome	   Associated	  tumors	  
NF1	   17q11.2	   NF1	   PPGL,	  cutaneous/dermal	  neurofibromas	  and	  Lisch	  
nodules	  (pigmented	  iris	  hamartomas)	  
RET	   10q11	   MEN2	   PPGL,	  MTC	  
VHL	   3p25.3	   VHL	   PPGL,	  retinal	  and	  CNS	  HB,	  RCC,	  
neuroendopancreatic	  cystoadenoma,	  renal	  cysts,	  
endolymphatic	  sac	  tumors,	  and	  PET	  
MEN1	   11q13	   MEN1	   PPGL,	  parathyroid	  adenomas,	  nonfunctioning	  PET,	  
gastrinomas,	  and	  insulinomas,	  bronchial	  carcinoids	  
SDHD	   11q23	   PGL1	   PPGL	  
SDHC	   1q21-­‐23	   PGL3	   PPGL	  
SDHB	   1p36	   PGL4	   PPGL,	  GIST,	  and	  RCC	  
KIF1Bβ	   1p36	   fPPGL	   PPGL,	  NB	  
EGLN1	   14q13.1	   fPPGL	   PPGL	  
SDHAF2	   11q23	   PGL5	   PPGL	  
TMEM127	   2q11.2	   fPPGL	   PPGL,	  RCC	  
SDHA	   5p15	   fPPGL	   PPGL	  
MAX	   14q23	   fPPGL	   PPGL,	  lung	  carcinoma	  
EPAS1	   2p21-­‐p16	   -­‐1	   PPGL	  
FH	   1q42.1	   fPPGL	   PPGL	  
HRAS	   11p15.5	   -­‐1	   PPGL,	  numerous	  others	  
1)	  Genes	   somatically	  mutated	   in	   PPGL	   and	   are	   not	   part	   of	   familial	   disease.	   fPPGL:	   familial	   PPGL,	  	  
MTC:	   medullary	   thyroid	   carcinoma;	   CNS:	   central	   nervous	   system;	   HB:	   hemangioblastoma;	   RCC:	  
renal	  cell	  carcinoma;	  PET:	  pancreatic	  neuroendocrine	  tumor;	  GIST:	  gastrointestinal	  stromal	  tumor;	  
NB:	  neuroblastoma	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1.2.1.	  Von	  Hippel-­Lindau	  Syndrome	  
Von	  Hippel-­‐Lindau	   (VHL)	  disease	   is	   an	  autosomal,	  dominantly	   inherited	  neoplastic	  disorder	   that	  
demonstrates	   marked	   phenotypic	   variability	   3.	   VHL	   disease	   is	   caused	   by	   mutations	   in	   the	   VHL	  
tumor	   suppressor	   gene,	   located	   on	   chromosome	  3p25-­‐26	   4.	   The	   prevalence	   of	   this	   disease	   has	  
been	  estimated	  to	  2-­‐3	  per	  100,000	  individuals	  in	  the	  general	  population	  3.	  	  
The	   most	   frequent	   tumors	   are	   retinal	   and	   central	   nervous	   system	   (CNS)	   hemangioblastomas,	  
renal	   cell	   carcinomas	   (RCC),	   PPGL,	   pancreatic	   islet	   tumors,	   and	   endolymphatic	   sac	   tumors	   5,	  
although	   other	   lesions	   such	   as	   pancreatic	   neuroendocrine	   tumors	   (PETs)	   or	   broad	   ligament	  
tumors	   can	   also	   appear.	   Interestingly,	   complex	   genotype-­‐phenotype	   correlations	   have	   been	  
described	   in	   VHL	   disease,	   and	   as	   a	   result,	   VHL	   disease	   has	   been	   divided	   into	   types	   1	   and	   2	  
according	   to	   clinical	   presentation	   6-­‐8.	   Type	   1	   VHL	   disease	   is	   characterized	   by	   susceptibility	   to	  
hemangioblastomas	  and	  RCC,	  but	  rarely	  PPGL.	  However,	  PPGL	  is	  more	  common	  in	  patients	  with	  
Type	  2	  disease.	  	  
With	  the	  exception	  of	  hemangioblastomas	  and	  endolymphatic	  sac	  tumors,	  tumors	  typically	  found	  
in	   VHL	   disease	   can	   occur	   as	   sporadic,	   or	   non-­‐familial,	   events.	   Thus,	   a	   clinical	   diagnosis	   of	   VHL	  
disease	   in	   a	   patient	   without	   a	   positive	   family	   history	   requires	   the	   presence	   of	   at	   least	   three	  
tumors.	  Approximately	  20%	  of	  VHL	  disease	  patients	   result	   from	  a	  de	  novo	  mutation	  and	  do	  not	  
have	  a	  family	  history	  9.	  The	  characterization	  of	  the	  VHL	  tumor	  suppressor	  gene	  as	  in	  the	  cause	  of	  
VHL	   disease	   has	   facilitated	   not	   only	   the	   early	   diagnosis	   of	   VHL	   disease,	   but	   also	   permits	   a	  
diagnosis	  of	  VHL	  disease	  in	  individuals	  who	  do	  not	  yet	  satisfy	  the	  clinical	  diagnostic	  criteria	  9,	  as	  is	  
the	  case	  with	  Type	  2C	  VHL	  patients	  who	  only	  manifest	  PCC.	  	  
1.2.1.1.	  VHL	  -­	  genotype-­phenotype	  associations	  
The	  VHL	   gene	   has	   three	   exons	   and	   encodes	   two	   VHL	   proteins.	   VHL	   has	  multiple	   functions	   and	  
influences	  many	  cellular	  pathways	   10.	   Firstly,	  VHL	  has	  a	   critical	   role	   in	   regulating	   the	  proteolytic	  
degradation	   of	   the	  α	   subunits	   of	  HIF	   transcription	   factor	   complexes.	  Here,	   VHL	   functions	   as	   an	  
important	   part	   of	   the	   ubiquitin	   ligase	   protein	   to	   recognize	   and	   bind	   two	   hydroxylated	   proline	  
residues	  of	  the	  HIF1/2α	  subunits	  and	  targets	  them	  for	  proteosomal	  degradation	  by	  ubiquitination.	  
Under	  normoxic	  conditions	  where	  oxygen	  is	  abundant,	  the	  HIF1/2α	  subunits	  are	  rapidly	  degraded.	  
Oxygen	  is	  a	  co-­‐factor	  for	  the	  proline	  hydroxylases	  (PHDs;	  EGLNs)	  that	  modify	  the	  proline	  residues	  
on	  the	  HIF1/2α	  subunits	  by	  hydroxylation.	  During	  hypoxia,	  oxygen	  is	  limiting	  and	  PHD	  proteins	  are	  
unable	   to	   hydroxylate	   the	   HIF1/2α	   subunits.	   As	   a	   result,	   VHL	   cannot	   recognize	   and	   tag	   the	   α-­‐
subunits	   for	   degradation.	   Thus,	   the	   HIF1	   and	   HIF2	   complexes	   are	   stabilized	   and	   activate	   the	  
hypoxic	   gene	   response,	   implicated	   in	   diverse	   processes,	   such	   as	   angiogenesis,	   proliferation,	  
apoptosis,	  and	  metabolism	  10.	  	  
As	   mentioned	   above,	   complex	   genotype-­‐phenotype	   correlations	   have	   been	   observed	   in	   VHL	  
(Table	  1.2.).	  Kindred	  with	  retinal	  and	  CNS	  hemangioblastoma	  and	  CCRC,	  but	  not	  PPGL	  characterize	  
type	   1	   VHL	   families.	   These	   families	   (Type	   1)	   usually	   harbor	   truncating	   mutations,	   VHL	   gene	  
INTRODUCTION 
 
A. A. DE CUBAS 
6	  
deletions,	   or	   missense	   mutations	   that	   disrupt	   the	   structural	   integrity	   of	   the	   VHL	   protein	   6,8.	  
Recently,	   it	   has	   been	   proposed	   that	   Type	   1	   should	   be	   sub-­‐classified.	   Type	   1A	   disease	   is	  
characterized	  by	  low	  risk	  to	  develop	  PPGLs	  and	  high	  risk	  of	  RCC	  and	  hemangioblastomas	  11.	  On	  the	  
other	  hand,	   large	  VHL	  gene	  deletions	  with	  contiguous	   loss	  of	  C3orf10	   (HSPC300)	  are	  associated	  
with	  a	  significantly	  lower	  risk	  to	  develop	  RCC,	  in	  addition	  to	  low	  risk	  of	  PPGL,	  and	  has	  been	  called	  
Type	  1B	  11,12.	  The	  risk	  of	  hemangioblastoma	  is	  similar	  between	  Type	  1A	  and	  1B.	  	  
Families	   with	   PPGL	   are	   designated	   as	   Type	   2	   VHL	   disease	   and	   usually	   have	   germline	   surface	  
missense	  mutations.	  Most	  of	  these	  families	  are	  further	  characterized	  as	  Type	  2B,	  which	  manifest	  
hemangioblastomas	   and	   RCC,	   in	   addition	   to	   pheochromocytoma	   11.	   Type	   2A	   families	   manifest	  
pheochromocytoma	   and	   hemangioblastoma,	   but	   have	   a	   lower	   risk	   of	   RCC	   11.	   Finally,	   families	  
where	  pheochromocytoma	  is	  the	  only	  feature	  are	  designated	  as	  Type	  2C	  13,14.	  Type	  2C	  families	  are	  
usually	   affected	   by	   specific	  VHL	  missense	  mutations	   15.	   This	   classification	   has	   proven	   helpful	   in	  
research	  correlating	  VHL	  function	  with	  specific	  mutations,	  but	  has	  been	  less	  helpful	  in	  the	  clinical	  
management.	  	  
	  
Interestingly,	  missense	  mutations	   associated	  with	   Type	  2	  VHL	  disease	  occur	   at	   surface	   residues	  
and	  presumably	  allow	  for	  some	  retention	  of	  function,	  whereas	  mutations	  associated	  with	  Type	  1	  
disease,	  such	  as	  gross	  deletions,	  truncating	  mutations,	  and	  missense	  mutations	  affecting	  codons	  
within	   the	   hydrophobic	   core,	   disrupt	   the	   tertiary	   structure	   of	   pVHL	   16.	   Although	   mutations	  
associated	  with	  Type	  2A	  and	  2B	  are	  associated	  with	  HIF	  deregulation,	  Type	  2C	  mutations	  did	  not	  
show	   impaired	   ability	   to	   regulate	   HIF,	   implicating	   HIF-­‐independent	   mechanisms	   in	   the	  
pathogenesis	   of	   pheochromocytoma	   in	   VHL	   disease	   15,17.	   Lee	   et	   al.	   reported	   that	   Type	   2	   VHL	  
Table	  1.2.	  Sub-­types	  of	  VHL	  disease	  Subtype	   Clinical	  manifestations	   Mutation	  type	   Mutation	  effect	  
Type	  1	  A	  
-­‐	  Low	  risk	  of	  PPGL	  
-­‐	  Retinal	  and	  CNS	  HB	  
-­‐	  High	  risk	  of	  RCC	  
-­‐	  Gross	  deletions	  
-­‐	  Truncating	  mutations	  
-­‐	  Missense	  mutations	  	  
	  	  	  affecting	  hydrophobic	  core	  
-­‐	  Complete	  loss	  of	  pVHL	  	  
	  	  	  function	  
-­‐	  Disrupt	  the	  tertiary	  	  
	  	  	  structure	  of	  pVHL	  
Type	  1	  B	  
-­‐	  Low	  risk	  of	  PPGL	  
-­‐	  Retinal	  and	  CNS	  HB	  
-­‐	  Lower	  risk	  of	  RCC	  
-­‐	  Large	  	  contiguous	  deletions	  	  
	  	  	  of	  VHL	  and	  HSPC300	  genes	  
-­‐	  Complete	  loss	  of	  pVHL	  	  
	  	  function	  
-­‐	  Loss	  of	  HSPC300	  
modifies	  	  	  	  
	  	  	  RCC	  risk	  
Type	  2	  A	   -­‐	  High	  risk	  of	  PPGL	  
-­‐	  Retinal	  and	  CNS	  HB	  
-­‐	  Lower	  risk	  of	  RCC	  
Type	  2	  B	   -­‐	  High	  risk	  of	  PPGL	  
-­‐	  Retinal	  and	  CNS	  HB	  
-­‐	  High	  risk	  of	  RCC	  
-­‐	  Missense	  mutations	  	  
	  	  	  affecting	  surface	  residues	  
-­‐	  Mutations	  associated	  
with	  	  
	  	  	  HIF	  deregulation	  
	  
Type	  2	  C	  
-­‐	  Only	  PPGL	  
-­‐	  Specific	  missense	  
	  	  	  mutations	  
-­‐	  Mutations	  result	  in	  some	  	  
	  	  	  ability	  to	  regulate	  HIF	  CNS:	  central	  nervous	  system;	  HB:	  hemangioblastoma;	  RCC:	  renal	  cell	  carcinoma;	  	  pVHL:	  VHL	  protein	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disease	   associated	  mutations	   tested	   impaired	   the	   apoptotic	   pathway	   leading	   to	   the	   hypothesis	  
that	  specific	  VHL	  mutations	  promoted	  pheochromocytoma	  development	  by	  allowing	  sympathetic	  
neuronal	  progenitors	  to	  escape	  from	  developmental	  apoptosis	  18.	  	  
1.2.2.	  Multiple	  endocrine	  neoplasia	  type	  2	  	  
Multiple	  endocrine	  neoplasia	   type	  2	   (MEN2)	   syndrome	   is	   caused	  by	  activating	  mutations	   in	   the	  
RET	   (rearranged	  during	  transfection)	  proto-­‐oncogene	  19	  and	  has	  an	  incidence	  of	  2.3	  per	  100,000	  
people	  per	  year.	  Located	  on	  10q11.2,	  the	  RET	  gene	  encodes	  for	  a	  transmembrane	  tyrosine	  kinase	  
receptor	  for	  members	  of	  the	  glial	  cell	  line-­‐derived	  neurotropic	  factor	  (GDNF)	  family	  20.	  Mutations	  
in	  RET	   usually	   affect	   in	   the	   extracellular	   cysteine-­‐rich	   region	  or	   the	   intracellular	   tyrosine	   kinase	  
domain	   coded	   by	   exons	   10-­‐11	   or	   exons	   13-­‐16,	   respectively	   21.	   Oncogenic	   activation	   of	   RET	  
activates	  various	  signaling	  pathways,	  including	  PI3K/AKT,	  MAPK,	  JNK,	  and	  RAS/ERK	  pathways	  22.	  	  
MEN2	  is	  divided	  into	  MEN2A	  and	  MEN2B.	  MEN2A	  accounts	  for	  approximately	  90%	  cases	  of	  MEN2	  
syndrome,	  and	   is	  characterized	  by	  a	  combination	  of	  medullary	  thyroid	  carcinoma	  in	  all	  patients,	  
hyperparathyroidism	   resulting	   from	  parathyroid	   hyperplasia	   or	   adenoma	   in	   10-­‐20%	  of	   patients,	  
and	   pheochromocytoma	   in	   50%	   of	   patients.	   Patients	   with	   MEN2B	   present	   about	   the	   same	  
frequencies	   of	   medullary	   thyroid	   carcinoma	   and	   pheochromocytoma	   as	   in	   MEN2A,	   but	   also	  
include	   additional	   clinical	   manifestations,	   such	   as	   ganglioneuromatosis	   of	   the	   gastrointestinal	  
tract,	  mucosal	   neuromas,	   and	   a	  marfanoid	   habitus.	  However,	  MEN2B	  patients	   have	   little	   to	   no	  
risk	   to	  develop	  parathyroid	  adenoma.	  Although	  most	  often	  associated	  with	  mutations	   in	   codon	  
634,	  pheochromocytomas	  are	  found	  in	  patients	  with	  RET	  mutations	  in	  almost	  all	  MEN2-­‐associated	  
codons	   23.	   Interestingly,	   about	   6-­‐9%	   of	   patients	   with	   MEN2A	   are	   thought	   to	   have	   a	   de	   novo	  
germline	  mutation	   in	   the	   RET	   gene,	   while	   50%	   of	  MEN2B	   patients	   harbor	   a	   de	   novo	   germline	  
mutation.	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1.2.3.	  Neurofibromatosis	  Type	  1	  
Neurofibromatosis	   type	  1	   is	   a	   relatively	   common	  autosomal	   dominant	   disorder	   associated	  with	  
mutations	  in	  the	  NF1	  gene	  (neurofibromin	  1)	  and	  has	  a	  prevalence	  of	  approximately	  1	  in	  3,500	  24.	  
NF1	   is	  caused	  by	   inactivating	  mutations	   in	   the	  NF1	   gene,	   located	  on	  chromosome	  17q11.2.	  The	  
NF1	   gene	   encodes	   a	   protein,	   called	   neurofibromin,	   which	   belongs	   to	   the	   family	   of	   GTPase-­‐
activating	   proteins.	   Neurofibromin	   is	   mainly	   expressed	   in	   the	   in	   the	   nervous	   system,	   where	   it	  
attenuates	  the	  activity	  of	  the	  RAS/RAF/MAPK	  signaling	  pathway	  by	   inactivating	  RAS	  25.	  Also	  as	  a	  
result,	  neurofibromin	  inhibits	  the	  PI3K/AKT/mTOR	  pathway	  26.	  
Neurofibromatosis	   type	   1	   patients	   usually	   present	   multiple	   café-­‐au-­‐lait	   maculae,	  
neurofibromatosis,	  iris	  hamartomas,	  and	  axillary	  or	  inguinal	  freckling	  24.	  Because	  the	  NF1	  gene	  is	  
one	  of	  the	  largest	  known	  genes,	  with	  60	  exons,	  genetic	  testing	  is	  not	  usually	  offered	  and	  diagnosis	  
of	  NF1	   is	  often	  made	  on	   the	  basis	  of	   clinical	   criteria.	  The	   incidence	  of	  PCC	   in	  patients	  with	  NF1	  
syndrome	   is	   between	   1	   and	   5%	   27.	   Until	   recently	   it	   was	   thought	   that	   NF1-­‐related	   PCC	   were	  
associated	  with	  germline	  mutations	  in	  the	  gene,	  however	  new	  data	  indicates	  that	  21%	  to	  23%	  of	  
patients	  with	  sporadic	  PCC	  harbor	  inactivating	  mutations	  in	  the	  NF1	  gene	  28-­‐30.	  	  	  
1.2.4.	  Paraganglioma-­Pheochromocytoma	  syndromes	  
The	   paraganglioma-­‐pheochromocytoma	   syndromes	   (PGL1-­‐PGL5)	   are	   autosomal	   dominant	  
syndromes	  with	  frequently	  incomplete	  penetrance	  that	  is	  caused	  by	  germline	  mutations	  in	  genes	  
coding	   the	   subunits	   (SDHB,	   SDHC,	   SDHD,	   and	   SDHAF2)	   of	   succinate	   dehydrogenase	   (SDH)	  
complex,	  also	  known	  as	  the	  mitochondrial	  complex	  II.	  Complex	  II,	  tethered	  to	  the	  mitochondrial	  
inner	  membrane,	  is	  a	  Krebs	  cycle	  enzyme	  that	  couples	  the	  oxidation	  of	  succinate	  to	  fumarate	  with	  
the	   reduction	   of	   ubiquinone	   to	   ubiquinol	   to	   generate	   electrons	   for	   oxidative	   phosphorylation	  
through	   the	   electron	   transport	  
chain	  (Figure	  1.3.).	  	  
The	   subunit	   A	   (SDHA)	   is	   the	  
enzymatically	   active	   part	   of	   SDH	  
complex,	   where	   oxidation	   of	  
succinate	   to	   fumarate	   occurs,	  
generating	  and	  liberating	  electrons.	  
These	  electrons	  are	  passed	  along	  to	  
subunit	   B	   (SDHB),	   which	   receives	  
and	  transfers	  these	  electrons	  to	  the	  
remaining	   components	   of	   the	   SDH	  
complex.	   Anchoring	   SDHB	   and	  
SDHA	   subunits	   to	   the	   inner	  
mitochondrial	   membrane,	   SDH	  
subunits	   C	   (SDHC)	   and	   D	   (SDHD)	   accept	   electrons	   liberated	   by	   succinate	   oxidation	   and	   passes	  
them	  further	  along	  the	  electron	  transport	  chain.	  Initially,	  only	  mutations	  in	  subunits	  B	  (SDHB),	  C	  
	  
Figure	   1.3.	   The	   electron	   transport	   chain.	   Succinate	  
dehydrogenase	   enzymatic	   complex	   (Complex	   II)	   channels	  
electrons	  from	  the	  catalytic	  dehydrogenation	  of	  succinate	  to	  
fumarate.	   (A)	   SDH	   subunit	   A	   (SDHA).	   (B)	   SDH	   subunit	   B	  
(SDHB).	   (C)	  SDH	  subunit	  C	  (SDHC).	   (D)	  SDH	  subunit	  D.	   (AF2)	  
SDH	  subunit	  AF2	  (SDHAF2).	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(SDHC),	  and	  D	  (SDHD)	  were	  thought	  to	  be	  associated	  with	  PPGL	  31.	  However,	  recently	  mutations	  in	  
subunit	  A	  (SDHA)	  of	  Complex	  II	  and	  succinate	  dehydrogenase	  complex	  assembly	  factor	  2	  (SDHAF2)	  
genes	   were	   described	   in	   PPGLs.	   A	   database	   containing	   all	   mutation	   in	   the	   SDH-­‐related	   genes	  
(SDHx)	  mentioned	   above	   is	   publically	   available	   at	   http://chromium.liacs.nl/lovd_sdh/home.php.	  
Deficiency	  of	  the	  SDH	  complex	  by	  mutations	  in	  the	  SDHx	  genes	  result	  in	  accumulation	  of	  succinate	  
that	   profoundly	   deregulates	  metabolic	   homeostasis	   through,	   in	   addition	   to	   other	  mechanisms,	  
inhibition	  of	  2-­‐oxoglutarate	  (2-­‐OG)-­‐dependent	  enzymes	  (approximately	  65	  enzymes)	  (more	  detail	  
provided	  below:	  results	  and	  discussion	  sections).	  
1.2.4.1.	  PGL1	  -­	  Succinate	  dehydrogenase,	  subunit	  D	  
In	   2000,	   Baysal	   and	   colleges	   identified	   the	   succinate	   dehydrogenase,	   subunit	   D	   (SDHD)	   gene,	  
located	  on	  chromosome	  11q23.1,	  as	  the	  gene	  responsible	  for	  PGL1	  syndrome	  32.	  The	  SDHD	  gene	  
is	  maternally	   imprinted.	  Thus	  the	  disease	  is	  predominantly	  paternally	  transmitted,	  meaning	  only	  
children	   that	   inherit	   an	   SDHD	  mutation	   from	   the	   father	   have	   high	   risk	   for	   developing	   tumors.	  
However,	   this	   is	   not	   always	   true,	   as	   several	   cases	   have	   described	  maternal	   transmission	   of	   an	  
SDHD	  mutation	  33-­‐35.	  	  SDHD	  mutation	  carriers	  generally	  develop	  parasympathetic	  paragangliomas,	  
accounting	   for	   89%	   of	   cases	   36.	   Although	   less	   frequent,	   approximately	   29%	   of	   SDHD	   patients	  
develop	   pheochromocytoma	   and	   sympathetic	   paraganglioma	   36,37.	   SDHD-­‐related	   tumors	   are	  
generally	  benign	  with	  approximately	  8%	  of	  cases	  presenting	  metastasis	  38.	  
1.2.4.2.	  PGL2	  -­	  Succinate	  dehydrogenase	  complex	  assembly	  factor	  2	  
The	   causative	   gene	   in	   PGL2	   syndrome	   was	   identified	   as	   SDHAF2	   (succinate	   dehydrogenase	  
complex	   assembly	   factor	   2),	   which	   encodes	   for	   a	   protein	   (167	   amino	   acids)	   necessary	   for	  
flavanation	   of	   the	   SDHA	  protein	   in	   complex	   II	   and	   is	   essential	   for	   the	   enzyme	   activity.	   Like	   the	  
SDHD,	   the	   SDHAF2	   gene	   is	   imprinted	  and	  evidence	   indicates	   that	   it	   follows	  a	  paternal	  mode	  of	  
transmission.	  In	  2009,	  SDHAF2	  is	  located	  on	  chromosome	  11q12.2	  39.	  The	  first	  SDHAF2	  mutation	  
(c.232G>A;	   p.Gly78Arg)	   was	   identified	   in	   a	   Dutch	   family	   presenting	   parasympathetic	  
paragangliomas.	   Later,	   the	   same	  mutation	  was	  also	   identified	   in	  a	  Spanish	   family	  with	  a	   similar	  
clinical	  presentation	  (e.g.	  early	  onset	  with	  multiple	  parasympathetic	  paragangliomas)	  40.	  Although	  
there	  have	  been	  few	  additional	  reports	  of	  SDHFA2	  mutations	  in	  these	  tumors	  and	  its	  prevalence	  
appears	  rather	   low,	   it	  has	  been	  widely	  accepted	  that	  SDHAF2	  screening	  should	  be	  performed	   in	  
young	  patients	  with	  multiple	  head	  and	  neck	  paragangliomas	  40-­‐42.	  
1.2.4.3.	  PGL3	  -­	  Succinate	  dehydrogenase,	  subunit	  C	  
Not	   long	   after	   the	   discovery	   of	   SDHD	   gene,	   succinate	   dehydrogenase,	   subunit	   C	   (SDHC)	   was	  
identified	  as	   the	   causative	  gene	   in	  PGL3	   syndrome	   43.	   Located	  on	   chromosome	  1q13,	   the	  SDHC	  
gene	   codes	   for	   a	   15	   kDa	   integral	   membrane	   protein.	   SDHC	   mutation	   carriers	   almost	   always	  
present	  parasympathetic	  PGL,	  although	  PCC	  and	  sympathetic	  PGL	  have	  also	  been	  reported.	  Most	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SDHC-­‐related	  tumors	  reported	  to	  date	  have	  a	  benign	  behavior	  with	  some	  exceptions,	  and	  SDHC	  
mutations	  show	  a	  low	  penetrance	  44,45.	  
1.2.4.4.	  PGL4	  -­	  Succinate	  dehydrogenase,	  subunit	  B	  	  
In	   2001,	  mutations	   in	   the	   succinate	  dehydrogenase,	   subunit	   B	   gene	   (SDHB)	  were	   identified	   the	  
gene	  responsible	  for	  PGL4	  syndrome	  46.	  SDHB	  mutation	  carriers	  mainly	  present	  sympathetic	  PGL	  
and	  PCC,	  although	  parasympathetic	  PGL	  have	  also	  been	  described.	  SDHB-­‐related	   tumors	  have	  a	  
high	  risk	  of	  malignancy,	  with	  up	  to	  43%	  of	  patients	  presenting	  metastasis	  36,38,47.	  SDHB	  mutations	  
are	   almost	   exclusively	   occur	   in	   the	   germline,	   although	   some	   cases	   presenting	   somatic	   SDHB	  
mutations	  have	  been	  described	  48.	  Although	  SDHB	  has	  a	  low	  penetrance	  of	  above	  30%	  at	  80	  years	  
of	   age,	   paradoxically	   it	   is	   highly	   prevalent	   in	   pediatric	   patients,	   makes	   its	   study	   mandatory	   in	  
patients	  under	  the	  age	  of	  eighteen	  49,50	  	  
1.2.4.5.	  PGL5	  -­	  Succinate	  dehydrogenase,	  subunit	  A	  	  
Located	   on	   chromosome	   5p15,	   the	   SDHA	   (succinate	   dehydrogenase,	   subunit	   A)	   gene	   codes	   for	  
the	   catalytic	   subunit	   of	  mitochondrial	   complex	   II.	   SDHA,	   a	   tumor	   suppressor	   gene,	  was	   initially	  
thought	  to	  only	  be	  associated	  with	  Leigh	  syndrome,	  a	  progressive	  neurodegenerative	  disorder	  51,	  
caused	   by	   homozygous	   SDHA	   germline	   mutations.	   Interestingly,	   PCC	   or	   PGL	   have	   not	   been	  
reported	   in	   the	   parents	   of	   patients	   with	   Leigh	   syndrome,	   who	   are	   expected	   to	   have	   a	  
heterozygous	   SDHA	   mutation.	   In	   2010,	   Burnichon	   at	   al.	   described	   one	   patient	   with	   an	   SDHA	  
mutation	   presenting	   a	   sympathetic	   PGL	   52.	   Since,	   several	   other	   SDHA	   mutations	   have	   been	  
identified	   in	   PPGLs.	   As	   these	   variants	   are	   also	   present	   in	   control	   populations,	   it	   is	   sometimes	  
difficult	  to	  assess	  their	  pathogenicity.	  However,	   in	  these	  cases,	  SDHA	  IHC	  often	  useful	  to	  resolve	  
these	  cases	  53,54.	  
1.2.5.	  Transmembrane	  protein	  127	  
The	  first	  reported	  involvement	  of	  the	  TMEM127	  (transmembrane	  protein	  127)	  gene	  in	  PCC	  was	  in	  
2010	  55.	  Located	  on	  chromosome	  2q11.2,	  TMEM127	  appears	  to	  act	  as	  a	  tumor	  suppressor	  gene,	  
and	   is	   thought	   to	   regulate	   MTORC1,	   which	   is	   downstream	   of	   RET	   and	   the	   PI3K/AKT	   signaling	  
pathways	   55,56.	   The	   incidence	   of	   TMEM127	   mutations	   in	   PCC	   is	   approximately	   2%	   57,	   but	   this	  
percentage	  rises	  to	  23%	  when	  only	  cases	  with	  familial	  history	  and	  to	  31%	  for	  multiple	  tumors.	  The	  
age	  of	  onset	  for	  TMEM127	  patients	   is	  about	  42.8	  years,	  which	  is	  higher	  than	  that	  of	  other	  PPGL	  
genes.	   As	   a	   result,	   many	   TMEM127	   mutations	   go	   undetected	   and	   thus,	   classified	   as	   sporadic	  
incidents.	  Although	  rare,	  TMEM127	  mutations	  have	  been	  described	  in	  PGL	  58	  
1.2.6.	  MYC	  associated	  factor	  X	  	  
The	   association	   between	   PPGL	   and	  mutations	   in	   the	  MAX	   (MYC	   associated	   factor	   X)	   gene	  was	  
reported	  by	  our	  group	  in	  2011	  59.	  Using	  transcriptomic	  profiling,	  we	  indentified	  three	  tumors	  with	  
very	  similar	  expression	  signatures	  from	  unrelated	  patients	  presenting	  a	  familial	  history	  of	  disease.	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Exome	   sequencing	   of	   germline	   DNA	   from	   these	   three	   patients	   identified	   mutations	   in	   MAX.	  
Absence	   of	   MAX	   protein	   in	   tumors,	   as	   well	   as	   loss	   of	   heterozygosity	   caused	   by	   paternal	   60,61	  
uniparental	   disomy	   of	   chromosome	   14	   was	   observed	   in	   these	   patients.	   Soon	   after,	   the	   multi-­‐
institution	  study	  by	  Burnichon	  et	  al.	  it	  was	  established	  that	  germline	  MAX	  mutations	  account	  for	  
about	   1%	  of	   pheochromocytomas	   62.	   Similarly	   to	  TMEM127,	   the	   contribution	   of	   the	  MAX	   gene	  
becomes	   more	   relevant	   when	   considering	   those	   patients	   with	   family	   history	   of	   the	   disease	  
bilateral	  or	  multiple	  pheochromocytomas	  (11%	  and	  63%,	  respectively)	  62.	  
1.2.7.	  Endothelial	  PAS	  domain	  protein	  1	  
EPAS1	  (Endothelial	  PAS	  domain	  protein	  1),	  also	  known	  as	  HIF2α,	  is	  one	  of	  the	  two	  main	  hypoxia	  
inducible	  factors	  (HIF)	  that	  not	  only	  senses	  cellular	  oxygen	  levels,	  but	  also	  mediates	  many	  cellular	  
responses	  to	  hypoxia.	  Recently,	  mutations	  in	  the	  EPAS1	  gene	  were	  described	  in	  two	  patients	  with	  
sporadic	  congenital	  polycythemia	  who	  subsequently	  developed	  multiple	  paragangliomas	  63.	  Later	  
somatic	  EPAS1	  mutations	  were	  identified	  in	  sporadic	  pheochromocytomas	  and	  paragangliomas	  in	  
the	   absence	   of	   erythrocytosis	   64.	   Mutations	   in	   the	   EPAS1	   gene	   affect	   the	   proline,	   which	   is	  
hydroxylated	  by	  PHD	  enzymes,	  or	  nearby	  residues	  that	  impairs	  interaction	  with	  E3	  ligase	  resulting	  
in	  gain-­‐of-­‐function	  to	  delay	  proteosomal	  degradation	  63-­‐65.	  	  	  	  
1.2.8.	  Fumarate	  Hydratase	  	  
Inactivating	  mutations	  in	  another	  gene	  involved	  in	  the	  Krebs	  cycle,	  fumarate	  hydratase	  (FH),	  were	  
recently	  been	  described	  in	  PPGL.	  After	  performing	  DNA	  methylation	  profiling	   in	  a	   large	  series	  of	  
PPGLs,	  Letouzé	  et	  al.	  found	  a	  single	  hypermethylated	  tumor,	  clustered	  with	  SDHx	  specimens.	  This	  
non-­‐SDHx	  tumor	  was	  deep	  sequenced	  revealing	  mutations	  in	  the	  FH	  gene	  66.	  Although	  rare,	  more	  
PPGLs	  harboring	  FH	  mutations	  have	  been	  identified	  in	  French	  and	  Spanish	  populations	  through	  a	  
collaborative	  effort	   in	  which	  this	  Lab	  participated,	  where	  I	  (Aguirre	  A.	  de	  Cubas)	  was	  among	  the	  
first	   authors	   67.	  Unlike	   the	   SDH	   complex	   that	   participates	   in	   both	   the	  Krebs	   cycle	   and	  oxidative	  
phosphorylation	  (electron	  transport	  chain),	  fumarate	  hydratase	  is	  only	  involved	  in	  the	  Krebs	  cycle.	  
Fumarate	   hydratase	   catalyzes	   the	   hydration	   of	   fumarate	   to	   generate	   malate,	   which	   usually	  
continues	   along	   the	   Krebs	   cycle,	   where	   malate	   dehydrogenase	   couples	   its	   oxidation	   to	  
oxaloacetate	  with	  the	  reduction	  of	  NAD+	  to	  NADH.	  Similar	   to	  SDH	  deficiency,	   Inactivation	  of	  FH	  
results	   in	   accumulation	  of	   fumarate,	  which	   like	   succinate	   competitively	   inhibit	   2-­‐OG-­‐dependent	  
enzymes.	   Thus,	  mutations	   in	   FH	   presumably	   cause	   PPGL	   through	   a	  mechanism	   synonymous	   to	  
that	  of	  PGL1-­‐5	  syndromes.	  	  
1.2.9.	  Harvey	  rat	  sarcoma	  viral	  oncogene	  homolog	  
Activating	   mutations	   in	   the	   RAS	   (rat	   sarcoma)	   oncogenes,	   KRAS,	   HRAS	   and	   NRAS,	   have	   been	  
reported	  in	  20-­‐25%	  of	  tumors	  in	  general	  68.	   In	  2013,	  Crona	  et	  al.	   identified	  somatic	  mutations	  in	  
the	  HRAS	   (Harvey	   rat	   sarcoma	  viral	  oncogene	  homolog)	  gene	   in	  PPGL	  by	  exome	  sequencing.	  As	  
RAS	  proteins	  are	  upstream	  of	  the	  MAPK/ERK	  signaling	  pathway,	   it	  was	  not	  surprising	  to	  observe	  
that	   these	   tumors	   cluster	   together	   with	   cluster	   2	   tumors	   (RET,	   NF1,	   MAX,	   and	   TMEM127)	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(unpublished	  data).	  After	  this	  finding,	  an	   international	  collaboration	  allowed	  us	  to	  establish	  that	  
the	   prevalence	   of	  HRAS	  mutations	   is	   10%	   among	   adrenal	   PCC	   and	  was	   associated	  with	   benign	  
disease	  69.	  
1.2.10.	  Rare	  PPGL	  susceptibility	  genes	  
Also,	  mutations	  in	  other	  genes,	  such	  as	  EGLN1	  (egl	  nine	  homolog	  1,	  also	  known	  as	  PDH2),	  EGLN2	  
(egl	  nine	  homolog	  2,	  also	  known	  as	  PDH1),	  KIF1B	  (kinesin	  family	  member	  1B),	  and	  MEN1	  (multiple	  
endocrine	   neoplasia	   1,	   or	  menin	   1),	   have	   been	   linked	   to	   the	   development	   of	   PPGL.	   It	   has	   long	  
been	   known	   that	  mutations	   in	   the	  MEN1	   gene,	   located	  on	   chromosome	  11q13,	   cause	  multiple	  
endocrine	  neoplasia	   syndrome	   type	  1	   (MEN1).	  This	   syndrome	   is	   characterized	  by	   tumors	  of	   the	  
pancreatic	   islets,	   anterior	   pituitary,	   and	   the	   parathyroid	   gland	   70.	   In	   1997,	   the	   involvement	   of	  
MEN1	  mutations	  in	  PPGL	  development	  was	  first	  documented.	  Currently,	  it	  is	  believed	  that	  PCC	  is	  
observed	   in	   less	   than	  1%	  of	  MEN1	  germline	  mutation	  carriers	   71.	  A	  germline	  mutation	   in	  EGLN1	  
was	  described	  in	  a	  patient	  with	  a	  PGL	  and	  congenital	  erythrocytosis	  72.	  Later,	  germline	  mutations	  
in	   were	   also	   found	   in	   EGLN2	   73.	   Germ-­‐line	   mutations	   in	   KIF1B	   were	   initially	   found	   in	   three	  
members	   of	   a	   large	   family	   presenting	   PCC,	   and	   like	   EGLN1/2	   were	   considered	   almost	   isolated	  
events	   in	   PPGL	   development	   restricted	   to	   specific	   families.	   Mutations	   in	   KIF1B	   were	   also	  
described	  in	  neuroblastoma	  and	  medulloblastoma,	  other	  closely	  related	  neural	  crest	  tumors	  74.	  In	  
addition,	   KIF1B	   is	   located	   on	   chromosome	   1p36.2,	   which	   is	   a	   chromosomal	   region	   frequently	  
deleted	  in	  these	  tumors	  and	  suspected	  to	  harbor	  a	  tumor	  suppressor	  gene.	  Both	  EGLN	  enzymes	  
and	  KIF1B	  are	  involved	  in	  NGF-­‐dependent	  neuronal	  apoptosis	  with	  KIF1B	  functioning	  downstream	  
of	  EGLN3	  (see	  below).	  
Although	   initially	   their	   contribution	   to	   PPGL	   development	   was	   considered	   almost	   trivial,	  
additional	  germ-­‐line	  EGLN1,	  EGLN2,	  and	  KIF1B	  mutations	  have	  been	  recently	  reported	  and	  their	  
importance	  will	  probably	  continue	  to	   increase	  as	  additional	  deep-­‐sequencing	  studies	  are	  carried	  
out	  73,75,76	   77.	   In	   fact,	   recent	  evidences	   indicate	  that	  the	  contribution	  of	  KIF1B	  mutations	   in	  PPGL	  
may	  be	  equally	  as	  important	  as	  those	  in	  MAX	  and	  TMEM127	  77.	  
1.3.	  Common	  mechanism	  of	  tumorigenesis	  in	  PPGLs	  
It	   has	   long	   been	   proposed	   that	   mutations	   in	   the	   known	   susceptibility	   genes	   converge	   on	   a	  
common	   mechanism	   that	   impairs	   EGLN(PHD)/C-­‐JUN/JUNB	   developmental	   apoptosis	   18.	   During	  
embryogenesis,	   most	   sympathetic	   precursor	   cells	   undergo	   C-­‐JUN-­‐dependent	   apoptosis	   as	   they	  
compete	   for	   growth	   factors,	   such	   as	   nerve	   growth	   factor	   (NGF)	   78,79.	   According	   to	   this	   model	  
proposed	  by	   Lee	  et	  al.,	   all	   of	   the	  known	  PPGL	   susceptibility	   genes	  affect	   this	   common	  pathway	  
that	   regulates	   NGF	   withdraw-­‐induced	   apoptosis	   of	   sympathetic	   neuronal	   precursors	   during	  
development	  (Figure	  1.4).	  
Briefly,	   loss	   of	   NGF	   stimulation	   leads	   to	   attenuation	   of	   JUNB	   and	   activation	   of	   C-­‐JUN,	   and	  
induction	  of	   EGLN3	  and	   subsequently	  KIF1B,	   and	   the	   induction	  of	   apoptosis	   18,74.	  As	  mentioned	  
earlier,	  mutations	   in	   the	  VHL	   gene	   result	   in	  HIF	  deregulation.	  However,	  Type	  2C	  VHL	  mutations	  
INTRODUCTION 
	  
GENOMIC & GENETIC DISSECTION OF PPGL 
13	  
appear	  to	  be	  normal	  with	  respect	  to	  HIF	  regulation	  15,17,	  suggesting	  HIF-­‐independent	  mechanisms	  
are	  at	  work	   in	  VHL-­‐related	  PPGLs.	  All	  VHL	  mutants	   linked	  to	  PPGL,	   including	  Type	  2C	  mutations,	  
fail	   to	  down-­‐regulate	  JUNB,	  the	  C-­‐JUN	  antagonist,	  which	  promotes	  survival	  after	  NGF	  withdraw.	  
Transcription	  of	  JUNB	   is	  regulated	  by	  atypical	  protein	  kinase	  C	  (aPKC)	  family	  members,	  and	  as	   it	  
turns	  out,	  VHL	  regulates	  aPKC,	  as	  well	  as	  HIF	  18,80,81.	  
Thus,	   VHL	   mutations	   appear	   to	   contribute	   to	   PPGL	   pathogenesis	   by	   interfering	   with	   JUNB	  
regulation,	   which	   permits	   escape	   from	   NGF-­‐dependent	   apoptosis.	   Similarly,	   PPLG-­‐linked	  
mutations	  in	  RET	  and	  NF1	  are	  known	  to	  enhance	  NGF	  signaling	  and	  to	  promote	  sympathoadrenal	  
precursor	  cell	  survival	  after	  NGF	  withdrawal	  82,83.	   Inactivating	  SDHx	  and	  FH	  mutations	  have	  been	  
shown	  to	  promote	  the	  accumulation	  of	  succinate	  and	  fumarate,	  respectively,	  which	  competitively	  
inhibits	   the	   activity	   of	  members	   of	   the	   2-­‐oxoglutarate	   (2-­‐OG)-­‐dependent	   dioxygenases,	   such	   as	  
EglN3,	   and	   promote	   survival	   when	   NGF	   becomes	   limiting	   18,66.	   	   Figure	   1.4.	   shows	  where	   these	  
genes	  intervene	  along	  the	  EGLN3/C-­‐JUN/JUNB	  apoptotic	  pathway.	  
1.4.	  Diagnosis	  
Because	   a	   large	   part	   of	   PPGLs	   produce	   and	   secrete	   excessive	   amounts	   of	   catecholamines,	  
biochemical	   studies	   have	   become	   a	   powerful	   tool	   for	   more	   precise	   PPGL	   diagnosis.	   Over	   the	  
years,	  different	  substances	  measured	  in	  urine	  and	  blood	  have	  been	  used	  to	  diagnose	  PPGLs,	  such	  
as	   dopamine,	   3-­‐methoxytyramine,	   norepinephrine,	   and	   epinephrine,	   and	   their	   metabolites,	  
normetanephrine	   and	   metanephrine	   84.	   Tumors	   that	   predominantly	   or	   exclusively	   produce	  
dopamine	   are	   rare.	   Recent	   findings	   have	   shown	   that	   different	   levels	   of	   biochemical	   entities	  
according	   to	   the	   various	   hereditary	  mutations	  which	   are	   known	   to	   cause	   PPGLs.	   PPGL	   patients	  
with	   RET,	   NF1,	   and	   TMEM127	   mutations	   have	   been	   found	   to	   have	   an	   adrenergic	   phenotype,	  
meaning	  that	  tumors	  mainly	  produce	  epinephrine.	  VHL-­‐,	  SDHB-­‐,	  SDHD-­‐,	  and	  EPAS1-­‐related	  PPGLs,	  
on	   the	   other	   hand,	   have	   a	   noradrenergic	   phenotype,	   which	   is	   associated	   predominantly	   with	  
norepinephrine	  production,	  rarely	  showing	  increased	  epinephrine	  levels.	  In	  addition	  to	  frequently	  
exhibiting	   a	   noradrenergic	   phenotype,	   SDHB-­‐related	   PPGLs,	   as	   well	   as	   SDHD	   mutants,	   are	   also	  
often	   dopaminergic	   85,86.	   In	   173	   patients	   with	   proven	   familial	   disease,	   Eisenhofer	   and	   colleges	  
reported	   that	   the	   combined	   measurement	   of	   epinephrine,	   norepinephrine,	   and	   dopamine	   in	  
urine	  and	  plasma	  has	  a	  high	  predictive	  value	  to	  distinguish	  those	  with	  RET	  mutations	  from	  those	  
with	   VHL	   and	   SDHx	   86.	   During	   this	   thesis	   project,	   a	   collaborative	   effort	   leaded	   by	   our	   group	  
allowed	   identified	   an	   intermediate	   biochemical	   profile	   associated	   with	   MAX	   mutant	   tumors,	  
characterized	  by	  high	  levels	  of	  norepinephrine	  with	  normal	  or	  mild	  elevation	  of	  epinephrine’s	  62.	  
Subsequently,	  another	   initiative	  undertaken	  by	  Dr.	  Graeme	  Eisenhofer,	  Nan	  Qin,	  and	  the	  author	  
(AA	   de	   Cubas)	   elucidated	   the	  mechanism	   behind	   the	   unexpected	   neurochemical	   phenotype	   in	  
MAX	  tumors	  where	  there	  was	  intermediate	  PNMT	  expression,	  but	  no	  PNMT	  enzymatic	  activity	  87.	  
EPAS1	  was	  identified	  and	  validated	  as	  the	  guilty	  culprit,	  as	  EPAS1	  expression	  in	   itself	  completely	  
blocked	  steroid-­‐induced	  expression	  of	  the	  catalytically	  active	   isoform	  of	  PNMT	   87.	  This	  subject	   is	  
revisited	   in	   the	  Discussion	   section	   5.4.3,	  where	   our	   DNA	  methylation	   study	   contributes	   further	  
insight	  into	  these	  processes	  in	  PPGLs.	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Usually,	   imaging	   studies	   follow	   biochemical	   diagnosis,	   as	   the	   precise	   location	   of	   the	   PPGLs	   is	  
important	   to	   determine	   the	  most	   suitable	   therapeutic	   approach.	   Although	   anatomical	   location	  
can	  be	  determined	  using	  commonly	  used	  imaging	  modalities,	  such	  as	  CT	  and	  MRI,	  PPGLs	  can	  be	  
visualized	   quite	   well	   using	   newer	   techniques	   such	   as	   [123/131I]-­‐metaiodobenzylguanidine	   (MIBG)	  
scintigraphy,	   6-­‐[18F]fluoro-­‐L-­‐3,4-­‐dihydroxyphenyl-­‐alanine	   (DOPA)	   positron	   emission	   tomography	  
(PET),	   6-­‐[18F]fluorodopamine	   (FDA)	   PET,	   2-­‐[18F]fluoro-­‐2-­‐deoxy-­‐D-­‐glucose	   (FDG)	   PET,	  
somatostatin	   analogs,	   diffusion-­‐weighted	  MRI	   (DWI-­‐MRI),	   and	   the	   combination	   of	   PET/CT.	   The	  
established	  functional	  imaging	  modality	  to	  detect	  PPGLs	  is	  [123/131I]-­‐MIBG	  scintigraphy.	  This	  type	  of	  
scan	   shows	   reasonable	   sensitivity,	   especially	   for	   benign	   tumors,	   and	   also	   has	   the	   advantage	   of	  
automatically	  indicating	  whether	  [123/131I]-­‐MIBG	  treatment	  is	  possible	  88.	  However,	  poor	  uptake	  in	  
extra-­‐adrenal	   tumors	   and	   suboptimal	   or	   false-­‐negative	   results	   in	   metastatic	   PPGLs	   remains	  
problematic	  88-­‐90.	  	  
1.5.	  Challenges	  in	  disease	  management	  	  
The	   prevalence	   of	   malignancy	   in	   PPGLs	   has	   been	   reported	   to	   be	   between	   2%	   and	   24%	   91,92.	  
Metastases	  of	  chromaffin	  cell	   tumors	  are	  commonly	   found	   in	  the	   lymph	  nodes,	  bone,	   liver,	  and	  
lung.	  Whereas	  the	  patients	  without	  metastasis	  exhibit	  5-­‐year	  overall	  survival	  of	  about	  89.3%,	  the	  
5-­‐year	  overall	  survival	  of	  patients	  with	  metastasis	  is	  approximately	  50%	  	  93,94.	  Furthermore,	  it	  has	  
been	   reported	   that	   in	   patients	   initially	   diagnosed	   with	   benign	   disease,	   the	   main	   decrease	   in	  
survival	  was	  due	  to	  diagnosis	  of	  metastatic	  disease	  95.	  Therefore,	  it	  is	  of	  paramount	  importance	  to	  
identify	  molecular	  predictors	  of	  malignant	  potential	  for	  these	  tumors	  so	  that	  physicians	  can	  take	  
appropriate	   measures,	   such	   as	   increased	   surveillance	   of	   the	   patient	   (biochemical	   analyses,	  
imaging,	  ect.),	  before	  the	  development	  of	  metastatic	  disease.	  	  
Some	   studies	   have	   focused	   on	   parameters	   such	   as	   age,	   post-­‐operative	   symptoms	   and	   tumor	  
location,	  and	  pathological	  features,	  such	  as	  tumor	  type,	  size,	  weight,	  and	  microscopic	  features	  to	  
predict	   malignancy	   in	   PPGL.	   It	   has	   been	   generally	   accepted	   that	   extra-­‐adrenal	   PPGLs	   exhibit	   a	  
higher	   risk	   of	  malignancy,	   but	   there	   is	   no	   correlation	  with	   right,	   left,	   or	   bilateral	   presentations	  
96,97.	   Tumor	   size	   has	   often	   been	   shown	   to	   predict	  malignancy	  when	   comparing	   average	   size	   of	  
benign	   and	   malignant	   tumors	   96-­‐98.	   Persistent	   post-­‐operative	   hypertension	   has	   also	   been	  
associated	   with	   risk	   of	   malignancy,	   as	   it	   may	   represent	   occult	   metastasis	   97.	   At	   present,	   the	  
presence	   of	   extra-­‐adrenal	   disease,	   the	   tumor	   size,	   and	   the	   presence	   of	   post-­‐operative	  
hypertension	   seem	   to	   be	   the	   only	   clinical	   factors,	  which	   help	   predict	   the	   risk	   of	  malignancy	   in	  
PPGL.	   However,	   while	   the	   presence	   of	  multiple	   clinical	   factors	   is	   a	   good	   indication	   for	   a	  more	  
close	   surveillance,	   by	   themselves	   these	   factors	   are	   insufficient	   to	   actually	   diagnose	   or	   predict	  
malignancy.	  
Although	  many	  types	  of	  cancer	  exhibit	  discriminative	  histological	  features,	  this	  is	  not	  the	  case	  for	  
PPGLs.	   In	   determining	   malignancy,	   a	   wide	   variety	   of	   microscopic,	   histological,	   and	  
immunohistochemical	   features	   have	   been	   assessed	   and	   incorporated	   into	   three	   multi-­‐factorial	  
scoring	   scales:	   1)	   Linnoila	   et	   al.	   for	   PPGLs	   99,	   2)	   the	   pheochromocytoma	   of	   the	   adrenal	   gland	  
INTRODUCTION 
	  
GENOMIC & GENETIC DISSECTION OF PPGL 
15	  
scaled	  score	  (PASS)	  for	  sympathetic	  paragangliomas	  100,	  and	  3)	  a	  scaling	  score	  by	  Kimura	  et	  al.	  for	  
PPGLs	  101.	  These	  scaling	  scores	  provide	  a	  reasonable	  indication	  of	  malignancy,	  but	  do	  not	  possess	  
enough	  certainty	  to	  provide	  confirmation.	  	  
1.6.	  PPGL	  in	  the	  age	  of	  molecular	  genomics	  
A	  better	  understanding	  of	  the	  genetic	  complexity	  and	  high	  molecular	  diversity	  of	  PPGL,	  as	  well	  as	  
virtually	  any	  pathology,	  may	  lead	  to	  more	  efficient	  diagnosis	  and	  management	  of	  the	  disease.	  In	  
this	  regard,	  the	  molecular	  mechanisms	  through	  which	  mutations	  in	  the	  above	  genes	  contribute	  to	  
the	   pathogenesis	   and	   clinical	   behavior	   of	   PPGL	   are	   not	   completely	   clear.	   Fortunately,	   high	  
throughput	   genomic	   technologies	   (OMICs)	   have	   provided	   new	   tools	   to	   study	   the	   molecular	  
mechanisms	  behind	  PPGL,	  as	  well	  as	  an	  efficient	  means	  for	  biomarker	  discovery.	  In	  these	  regards,	  
several	   high	   throughput	   mRNA	   expression	   profiling	   studies	   have	   been	   conducted	   in	   PPGL,	  
including	  one	  study	  publish	  by	  our	  group	  102-­‐105.	  
Although	  it	  has	  been	  proposed	  that	  mutations	  in	  the	  known	  PPGL	  susceptibility	  genes	  all	  converge	  
on	   a	   common	   mechanism,	   which	   deregulates	   the	   EGLN(PHD)/C-­‐JUN/JUNB	   developmental	  
apoptotic	   pathway	   to	   promote	   tumorigenesis,	   transcriptomic	   studies	   revealed	   the	   existence	   of	  
two	   distinct	   transcriptional	   programs	   underlying	   PPGL	   development	   18,106.	   In	   one	   group,	   called	  
cluster	  1,	  were	  clustered	  PPGLs	  with	  mutations	   in	  VHL,	  SDHB,	  SDHC,	  and	  SDHD	  genes.	  The	  gene	  
expression	   signature	   of	   cluster	   1	   tumors	   displayed	   enrichment	   in	   functions	   related	   to	  
pseudohypoxia	   and	   angiogenesis.	   This	   profile	   is	   consistent	   with	   the	   biological	   role	   of	   the	  
respective	  PPGL	  susceptibility	  genes	   in	   the	  HIF	  pathway.	  Over-­‐expression	  of	  both	  HIF1	  and	  HIF2	  
target	   genes	   has	   been	   reported	   in	   the	   VHL/SDHx	   cluster	   (cluster	   1).	   Further	   analysis	  
demonstrated	   a	   preferential	   expression	   of	   HIF1	   target	   genes,	   such	   as	   glycolytic	   genes,	   in	  VHL-­‐
related	   tumors,	  while	  SDHx-­‐related	  PPGLs	   displayed	   enhanced	   expression	  of	  HIF2	   target	   genes,	  
which	  has	  been	  proposed	  among	  one	  of	  the	  many	  hypotheses	  explaining	  the	  increased	  malignant	  
potential	  of	  SDHB	  tumors	  relative	  to	  their	  cluster	  1	  counterparts	  102.	  	  
The	  second	  group	  of	  tumors	  (cluster	  2)	  contained	  the	  most	  of	  the	  remaining	  genetically	  undefined	  
tumors,	   as	   well	   as	   RET-­‐,	  NF1-­‐	   TMEM127-­‐,	   and	  MAX-­‐related	   tumors.	   Pathway	   analysis	   showed	  
activation	   of	   the	   kinase	   receptor	   signaling,	   protein	   synthesis,	   and	   genes	   involved	   in	  
neural/neuroendocrine	   identity	   104,107.	   RET	   mutations	   have	   been	   associated	   with	   increased	  
activation	  of	  phosphatidylinositol	  3	  kinase	  (PI3K)/v-­‐akt	  murine	  thymoma	  viral	  oncogene	  homolog	  
1	   (AKT)	   signaling,	  while	   loss	  of	  NF1	   function	   resulted	   in	  unregulated	  RAS	  activation.	  TMEM127-­‐
related	   PPGLs	   displayed	   enrichment	   in	   lysosomal	   and	   endocytic	   functions	   and	   mTOR	   MTORC	  
signaling	  55.	  Mutations	  in	  the	  MAX	  gene	  deregulate	  the	  MYC	  transcriptional	  network	  to	  contribute	  
to	  PPGL	  development	  59,87.	  
Although	   mRNA	   expression	   profiling	   has	   furthered	   our	   knowledge	   of	   PPGL	   molecular	   biology,	  
there	  still	  remains	  unanswered	  questions	  regarding	  other	  levels	  of	  transcriptional	  regulation,	  such	  
as	  microRNAs	  and	  DNA	  methylation	  patterns.	  In	  addition,	  chromosomal	  alterations	  have	  not	  yet	  
been	   studied	   in	   detail	   in	   PPGL.	   Therefore,	   the	   application	   of	   microRNA	   and	   DNA	   methylation	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profiling	   and	   SNP-­‐arrays	   to	   study	   PPGL	   is	   necessary	   to	   answer	   these	   questions,	   as	   well	   as	   to	  
identify	  novel	  molecular	  markers.	  
1.6.1.	  MicroRNA	  expression	  profiling	  
MicroRNAs	   (miRNAs)	   are	   small	   non-­‐coding	   RNAs,	  which	   negatively	   regulate	   gene	   expression	   at	  
the	  post-­‐transcriptional	   level.	   The	   first	  miRNAs	   to	  be	  discovered	  were	   the	   lin-­‐4	   and	   let-­‐7	  RNAs,	  
which	   were	   identified	   on	   the	   basis	   of	   their	   roles	   in	   controlling	   developmental	   transitions	   in	  
Caenorhabditis	   elegans	   (C.	   elegans)	   108,109.	   Over	   the	   past	   decades,	   the	   list	   of	   reported	   miRNA	  
functions	   has	   grown	   rapidly	   to	   include	   the	   control	   of	   cellular	   proliferation,	   apoptosis,	   and	  
migration.	   Many	   miRNAs	   are	   differentially	   expressed	   differentially	   during	   development	   and	  
differentiation,	  suggesting	  that	  each	  cell	  type	  might	  have	  a	  unique	  miRNA	  signature.	  Currently,	  it	  
is	   thought	   that	   miRNAs	   are	   capable	   of	   post-­‐transcriptional	   regulating	   the	   expression	   of	   an	  
estimated	  one-­‐third	  of	  all	  metazoan	  protein-­‐coding	  genes	  110.	  	  
MiRNAs	  are	  transcribed	  by	  polymerase	  II	  in	  the	  nucleus	  as	  long	  transcripts	  or	  a	  cluster	  of	  miRNAs,	  
(called	  pri-­‐miRNAs),	  which	  are	  capped	  and	  poly-­‐adenylated	  like	  other	  protein	  coding	  genes	  111,112.	  
After	   which	   an	   enzyme,	   called	   Drosha,	   individually	   cleaves	   the	   pri-­‐miRNA	   to	   yield	   a	   stem	   loop	  
containing	  pre-­‐miRNAs,	  which	  have	  a	   length	  of	  60-­‐70	  nucleotides.	  Cytoplasmic	  transport	  of	  pre-­‐
miRNAs	  is	  mediated	  by	  exportin	  5	  113.	  Then	  the	  cytoplasmic	  ribonuclease	  type	  III	  enzyme	  (DICER1)	  
cleaves	   the	   pre-­‐miRNA	   to	   form	   double	   stranded	   miRNA	   molecules	   with	   a	   length	   of	   21	   to	   25	  
nucleotides	  114.	  The	  resulting	  double	  stranded	  miRNA	  loaded	  into	  the	  RNA	  induced	  gene	  silencing	  
complex	  (RISC),	  where	  one	  strand	  will	  remain	  associated	  with	  the	  enzyme	  to	  serve	  as	  a	  template	  
to	  direct	  target	  recognition,	  while	  the	  other	  strand	  is	  cleaved	  and	  discarded	  115.	  
MicroRNAs	   have	   been	   compared	   to	   a	   molecular	   rheostat	   that	   fine	   tunes	   gene	   expression.	   To	  
specify	   repression,	  miRNAs	  bind	   to	   semi-­‐complementary	   sites	   at	   the	   3’-­‐UTR	  of	   targeted	  mRNA,	  
which	   can	   result	   in	  mRNA	  degradation,	   translational	   truncation,	   or	  both	   60,61.	   It	   is	   believed	   that	  
miRNA	  complementarily	  to	  target	  mRNA	  is	  directed	  by	  a	  short	  sequence	  of	  6	  nucleotides	  usually	  
in	   positions	   2	   to	   7	   of	   the	   miRNA	   (called	   the	   seed	   region)	   116.	   Although	   rare,	   interactions	   with	  
regions	  other	  than	  the	  3’	  UTR	  of	  the	  mRNA	  have	  been	  reported	  117.	  Currently	  several	  prediction	  
algorithms	  are	  available	  to	  predict	  miRNA	  targets,	  some	  of	  which	  include	  TargetScan	  118,	  MiRanda	  
119,	  and	  miRWalk	  120.	  Similarly	  to	  many	  other	  bioinformatics	  or	   in	  silico	  predictors,	  there	  is	  a	  high	  
rate	  of	  false	  positives	  associated	  with	  miRNA	  target	  prediction	  algorithms	  and	  the	  results	  should	  
be	  analyzed	  with	  caution	  and	  usually	  require	  in	  vitro	  validation.	  Several	  studies	  have	  shown	  that	  
gene	   expression	   responds	   to	   the	   presence	   of	   a	   miRNA	   by	   decreasing	   gene	   expression	   110.	  
Therefore,	  miRNAs	  can	  affect	  gene	  expression	  116.	  
At	  the	  beginning	  of	  this	  thesis	  project,	  there	  was	  no	  data	  about	  miRNA	  expression	  in	  PPGL.	  During	  
the	  course	  of	  this	  thesis,	  some	  miRNA	  expression	  profiling	  studies	  have	  been	  published	  	  in	  PPGL	  
121-­‐123.	  	  However,	  miRNAs	  have	  not	  been	  fully	  characterized	  by	  these	  studies.	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1.6.2.	  Chromosomal	  alterations	  
Chromosomal	   alterations,	   such	   as	   insertions	   and	   deletions	   of	   chromosome	   fragments,	   are	   key	  
events	   in	   tumor	   cells	   124,125.	   Chromosomal	   alterations	   in	   cancer	   can	   be	   characterized	   by	   array-­‐
comparative	  genomic	  hybridization	  (arrayCGH),	  SNP-­‐arrays,	  and	  more	  recently	  by	  whole-­‐genome	  
sequencing.	   Several	   arrayCGH	   studies	   have	   been	   performed	   in	   PPGL	   to	   examine	   chromosomal	  
alterations	   126-­‐133.	   Loss	   of	   chromosome	   1p	   is	   the	   most	   common	   chromosomal	   aberration	   in	  
sporadic	  and	  familial	  PPGL	  126,127.	  Interestingly,	  loss	  of	  chromosome	  1p,	  which	  contains	  the	  SDHB	  
and	  KIF1B	  genes,	   has	   also	   been	   frequently	   reported	   in	   other	   tumors,	   including	   neuroblastoma,	  
and	  has	  long	  been	  suspected	  of	  housing	  one	  or	  more	  tumor	  suppressor	  genes	  (TSG)	  74.	  Generally,	  
RET-­‐related	  PPGLs	  show	  loss	  of	  chromosome	  1p	  and	  3q	  128.	  VHL	  mutated	  PPGLs	  also	  often	  show	  
loss	   of	   chromosome	   3p.	   In	   SDHD-­‐related	   PPGLs,	   generally	   present	   loss	   of	   chromosome	   11p	   34,	  
while	   frequently	   losses	  of	  1p	  and	  17q	  are	   found	   in	  NF1-­‐related	  PPGL	  29,134.	  Loss	  of	  chromosome	  
3q,	  11p,	  and	  17q	  described	  in	  VHL-­‐,	  SDHD-­‐,	  and	  NF1-­‐related	  PPGLs,	  respectively,	  is	  not	  surprising	  
given	  that	  loss	  of	  this	  chromosomal	  region	  results	  in	  loss	  of	  the	  respective	  wild-­‐type	  allele.	  	  
Solid	  tumors,	  like	  PPGLs,	  are	  composed	  of	  multiple	  populations	  of	  both	  normal	  and	  tumoral	  cells,	  
and	   in	   addition,	   tumor	   cells	   often	   deviate	   from	   a	   diploid	   state,	   which	   makes	   assembly	   and	  
interpretation	  of	  arrayCGH	  data	  difficult	  129,130,135-­‐140.	  	  As	  a	  result,	  most	  studies	  have	  been	  limited	  
to	  reporting	  gains	  and	  losses,	  and	  are	  unable	  to	  correctly	  assess	  allele-­‐specific	  copy	  numbers	  to	  all	  
loci	   in	   the	   reference	   genome.	   Fortunately,	   use	   of	   SNP	   array	   technology	   and	   application	   of	  
bioinformatics	  algorithms,	   such	  as	  ASCAT	   (allele-­‐specific	   copy	  number	  analysis),	   to	  analyze	  data	  
permits	   us	   to	   take	   into	   account	   both	   aneuploidy	   of	   the	   tumor	   cells	   and	   non-­‐aberrant	   cell	  
infiltration	  when	   reporting	   chromosomal	  alterations.	   The	  ASCAT	  algorithm	   reports	  aberrant	   cell	  
fraction	   in	   the	   tumor,	   ploidy,	   chromosomal	   gains	   and	   losses,	   loss	   of	   heterozygosity	   (LOH),	   and	  
copy-­‐neutral	  events	  (chromosomal	  disomies).	  
1.6.3.	  DNA	  methylation	  profiling	  
Epigenetics	   is	   the	   study	   of	   mechanisms	   other	   than	   direct	   changes	   in	   the	   DNA	   sequence	   that	  
regulate	   and	   influence	   gene	   expression,	   whose	   involvement	   has	   been	   firmly	   established	   in	  
somatic	   reprogramming.	   Epigenetic	   information	   can	   be	   dynamic	   and	   transitory,	   or	   relatively	  
stable,	   capable	   of	   being	   passed	   on	   through	   cellular	   divisions.	   The	  most	   thoroughly	   understood	  
and	  studies	  epigenetic	  mechanism	  is	  DNA	  methylation,	  which	  has	  been	  proven	  to	  be	  associated	  
with	   a	   number	   of	   key	   physiological	   processes,	   such	   as	   genomic	   imprinting,	   X-­‐chromosome	  
inactivation,	   the	   regulation	   of	   gene	   expression	   and	   the	   maintenance	   of	   chromosome	   integrity	  
through	  chromatic	  structural	  modulation,	  DNA	  stabilization	  and	  conformational	  control	   141.	  DNA	  
methylation	   refers	   to	   the	   chemical	   modification	   of	   cytosine	   residues	   by	   addition	   of	   a	   methyl	  
group	  at	  the	  5	  position	  of	  the	  pyrimidine	  ring,	  forming	  a	  5-­‐methylcytosine	  (5mC).	  	  Methylation	  of	  
cytosine	   residues	   typically	   occurs	   in	   the	   context	  of	  CpG	  dinucleotides	   (a	   cytosine	   followed	  by	   a	  
guanosine	  in	  the	  5’→3’	  direction).	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The	  global	  distribution	  of	  CpG	  methylation	  is	  known	  as	  the	  DNA	  "methylome",	  and	  in	  mammals,	  
the	   bulk	   of	   CpGs	   in	   the	  methylome	   are	   in	   the	  methylated	   state	   (5mC)	   142,143.	   This	   high	   level	   of	  
genomic	   methylation	   is	   interrupted	   by	   short	   stretches	   of	   unmethylated	   DNA,	   many	   of	   which	  
correspond	  to	  regions	  of	  high	  CpG	  content	  known	  as	  CpG	  islands	  (CGIs).	  Although	  the	  majority	  of	  
CGIs	  are	  in	  the	  unmethylated	  state,	  research	  shows	  that	  a	  subset	  of	  CGIs	  are	  found	  methylated	  in	  
a	   tissue	   specific	  manner	   142,143.	   DNA	  methylation	   patterns	   are	   variable	   between	  different	   tissue	  
types	  and	  are	  dynamic	  during	  cell	  differentiation.	  This	  property	  together	  with	  heritability	  of	  CpG	  
methylation	   patterns	   and	   the	   ability	   to	   modify	   transcription,	   implicates	   DNA	  methylation	   as	   a	  
process	  influencing	  maintenance	  of	  cell	  identity.	  
With	  respect	  to	  DNA	  methylation-­‐mediated	  gene	  regulation,	  the	  most	  studied	  regions	  are	  those	  
directly	   proximal	   to	   transcription	   start	   site.	   It	   is	   generally	   accepted	   that	   if	   a	   promoter	   element	  
contains	  sufficient	  density	  of	  CpG	  dinucleotides,	  the	  presence	  of	  high	  levels	  of	  DNA	  methylation	  is	  
strongly	   associated	   with	   repression	   of	   gene	   transcription,	   whereas	   the	   unmethylated	   state	   is	  
associated	  with	  either	  transcriptionally	  actively	  genes,	  or	  in	  other	  cases,	  inactive	  genes	  subject	  to	  
other	   forms	   of	   repression.	   Examples	   of	   this	   type	   of	   repression	   of	   gene	   expression	   by	   DNA	  
methylation	   include	   X-­‐chromosome	   inactivation	   and	   imprinting,	   and	   appear	   to	   contribute	   to	  
mainly	  long-­‐term	  repression.	  In	  vertebrates,	  DNA	  methylation	  can	  also	  occur	  within	  a	  gene	  body	  
and	  has	  been	  suggested	  to	  represent	  a	  crucial	  function	  in	  the	  gene	  regulation	  of	  co-­‐transcriptional	  
RNA	   processing,	   such	   as	   alternative	   splicing.	   This	   raises	   the	   possibility	   that	   tissue-­‐specific	  
differences	   in	  DNA	  methylation	  within	  gene	  bodies	  could	  contribute	  directly	   to	  differential	  RNA	  
processing.	   A	   second	   potential	   function	   of	   intragenic	  DNA	  methylation	   is	   to	   prevent	   erroneous	  
transcription	  with	  in	  gene	  bodies.	  	  
Surprisingly,	   approximately	   50%	   of	   CGIs	   are	   not	   associated	   with	   the	   5’	   end	   or	   gene	   body	   of	  
annotated	   genes,	   but	   are	   instead	   found	   in	   intergenic	   regions,	   referred	   to	   as	   "orphan"	   CGIs.	  
Interestingly,	   orphan	   CGIs	   are	   more	   often	   found	   in	   the	   methylated	   state	   than	   promoter-­‐
associated	   CGIs	   and	   they	   also	   show	   a	   greater	   degree	   of	   tissue	   specific	   methylation,	   which	  
suggests	   that	   these	   orphan	   CGIs	   may	   have	   more	   diagnostic	   specificity	   and	   sensitivity	   than	  
conventional	   CGIs	   144,145.	   Although	   the	   function	   of	   orphan	   CGIs	   and	   their	   methylation	   state	   is	  
currently	   unclear,	   it	   has	   been	   suggested	   that	   many	   orphan	   CGIs	   represent	   promoters	   for	  
unannotated	   transcripts	   or	   functional	   non-­‐coding	   RNAs	   146.	   DNA	   methylation	   has	   also	   been	  
reported	   in	   the	   regions	   flanking	   CGIs	   and	   gene	   promoters,	   called	   CpG	   shores	   147.	   It	   has	   been	  
reported	  that	  the	  greatest	  variation	  in	  DNA	  methylation	  between	  cell	  types	  occurs	  at	  CGI	  shores	  
148.	  CpG	  shores	  are	  defined	  as	  regions	  immediately	  flanking	  a	  CGI,	  within	  2	  kb	  on	  either	  side,	  and	  
thus,	   may	   have	   a	   lower	   CpG	   content	   relative	   to	   the	   neighboring	   CGI	   147.	   The	   exact	   functional	  
consequence	   of	   CpG	   shore	   methylation	   is	   unclear,	   but	   it	   seems	   to	   correlate	   with	   reduced	  
transcription	  of	  the	  neighboring	  gene	  147,149.	  Thus,	  the	  rules	  for	  DNA	  methylation	  are	  not	  exactly	  
black	   or	   white,	   and	   therefore	   extreme	   caution	   should	   be	   exercised	   when	   interpreting	   DNA	  
methylation	  data.	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2. OBJECTIVES  
  








• To	  fully	  characterize	  miRNA	  expression	  in	  PPGL	  according	  to	  genetic	  background.	  
Integrate	   miRNA	   expression	   with	   matched	   mRNA	   expression	   data	   to	   identify	  
potential	   miRNA-­‐mRNA	   interactions	   and	   estimate	   functional	   consequence	   of	  
deregulated	  miRNA	  expression	  in	  PPGL.	  
	  
• Evaluate	  whether	  miRNA-­‐mediated	  regulation	  of	  gene	  expression	  occurs	  through	  
transcript	   degradation	   or	   through	   translational	   truncation.	   Also,	   assess	   the	  
correlation	  between	  miRNA,	  mRNA,	  and	  protein	  expression.	  
	  
• To	   characterize	   chromosomal	   alterations	   in	   PPGL	   with	   different	   genetic	  
background	  to	  evaluate	  potential	  association	  between	  the	  two.	  
	  
• To	   explore	   DNA	   methylation	   patterns	   in	   the	   various	   genetic	   entities	   of	   these	  
tumors,	  and	  to	  identify	  CpGs	  associated	  with	  PPGL	  malignancy.	  
	  
• Assess	   potential	   associations	   between	   DNA	   methylation	   and	   progression-­‐free	  
survival	  in	  these	  tumors.	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3.1.	  Samples	  
All	  samples	  were	  collected	  in	  collaboration	  with	  several	  Spanish	  and	  international	  Hospitals,	  and	  
with	  the	  help	  of	  the	  Spanish	  National	  Tumor	  Bank	  Network	  (CNIO,	  Madrid,	  Spain),	  as	  well	  as	  with	  
the	  help	  of	   the	  European	  Network	   for	   the	  Study	  of	  Adrenal	  Tumors	   (ENS@T).	  Written	   informed	  
consent	   to	   collect	   phenotypic	   and	   genotypic	   data	   was	   obtained	   from	   all	   participants	   in	  
accordance	  with	  institution	  review	  board	  (IRB)	  -­‐	  approved	  protocols	  for	  each	  center.	  
Hematoxylin	  and	  eosin	  staining	  from	  all	  samples	  were	  evaluated	  by	  two	  pathologists	  and	  selected	  
only	   those	  contained	  at	   least	  80%	   tumor	  cells.	  The	  material	  derived	   from	  normal	  adrenal	  gland	  
available	  was	  obtained	   from	  multi-­‐organ	  donations	  and	   selected	  by	  pathologists.	  All	   frozen	  and	  
FFPE	  tissues	  were	  previously	  genetically	  characterized	  and	  classified	  accordingly	  59,64,102.	  	  
Initially,	   the	   presence	   or	   absence	   of	   PPGL	   was	   determined	   by	   physical	   examination	   and	  
biochemical	  diagnosis,	   and	  usually	   confirmed	  by	  appropriate	  anatomical	   and	   functional	   imaging	  
necessary	   for	   confirmation	   and	   localization	   of	   the	   tumor,	   as	   well	   as	   metastases.	   Patients	   with	  
metastatic	  disease	  were	  those	  who	  presented	  metastasis	   in	  sites	  normally	  devoid	  of	  chromaffin	  
tissue	  (e.g.	  lung,	  liver,	  bone,	  lymphnodes),	  maybe	  present	  at	  first	  diagnosis	  (synchronous)	  or	  occur	  
a	   number	   of	   years,	   in	   some	   cases	   up	   to	   20	   years,	   after	   primary	   surgery.	   If	   no	  metastasis	  were	  
detected	  at	  last	  follow-­‐up,	  the	  tumor	  was	  considered	  benign.	  
3.1.2.	  Samples	  for	  microRNA	  expression	  
For	   the	   miRNA	   expression	   profiling	  
study,	  we	  hybridized	  a	  total	  of	  75	   fresh	  
frozen	  samples,	  69	  PPGLs	  and	  6	  normal	  
adrenal	   medullas	   (nAM).	   These	   69	  
PPGLs	   contained	   germline	  mutations	   in	  
the	   following	   genes:	   VHL	   (n=13),	   SDHB	  
(n=9),	   SDHD	   (n=4),	   RET	   (n=14),	   NF1	  
(n=4),	  TMEM127	   (n=3),	  and	  MAX	   (n=3).	  
The	   series	   also	   included	   14	  WT	   PPGLs,	  
defined	  as	  tumors	  with	  no	  mutations	  in	  
the	   known	   susceptibility	   genes.	   Of	   63	  
tumors,	   only	   five	   were	   malignant	  
(SDHB_4,	  SDHB_5,	  MAX_1,	  MAX_2,	  and	  
Sporadic_14).	  
Table	  3.1.1.	  Clinical	  summary	  of	  samples	  in	  
miRNA	  expression	  study	  
miRNA	  Expression	   miRNA	  Validation	  	  
N1	   Ben2	   Mal3	   N1	   Ben2	   Mal3	  
VHL	   12	   12	   -­‐	   6	   6	   -­‐	  
RET	   14	   14	   -­‐	   8	   8	   -­‐	  
NF1	   4	   4	   -­‐	   -­‐	   -­‐	   -­‐	  
SDHA	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  
SDHB	   9	   7	   2	   6	   1	   5	  
SDHC	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  
SDHD	   4	   4	   -­‐	   7	   6	   1	  
FH	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  
EPAS1	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  
MAX	   3	   1	   2	   -­‐	   -­‐	   -­‐	  
HRAS	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  
TMEM127	   3	   3	   -­‐	   -­‐	   -­‐	   -­‐	  
WT	   14	   13	   1	   -­‐	   -­‐	   -­‐	  
N1	  PPGL	   63	   58	   5	   27	   21	   6	  
nAM4	   6	   2	  
1)	  N	  Total	  samples.	  	  2)	  Benign	  tumors.	  	  3)	  Malignant	  tumors.	  	  
4)	  nAM;	  Normal	  adrenal	  medulla.	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The	   six	   nAMs	   used	   here	   were	   obtained	   as	   described	   above.	   Owing	   to	   limited	   availability	   of	  
material,	   an	   independent	   collection	   of	   27	   PPGL	   FFPE	   samples	   was	   used	   for	   validation,	   with	  
germline	  mutations	   in	   the	   following	   genes:	  VHL	   (n=6),	  SDHB	   (n=6),	  SDHD	   (n=7),	  RET	   (n=8),	   and	  
two	   nAM	   tissues.	   All	   SDHD-­‐associated	   PPGLs	   used	   for	   this	   study	  were	   parasympathetic	   tumors	  
with	  head	  and	  neck	   locations.	  The	  clinical	   features	  and	  the	  genetic	  characteristics	  of	   frozen	  and	  
FFPE	  samples	  are	  summarized	  in	  Table	  3.1.1.,	  more	  details	  provided	  in	  Supplementary	  Table	  3.1.1.	  	  
3.1.3.	  Samples	  for	  SNP-­array	  genotyping	  	  
In	  total,	  90	  fresh	  frozen	  PPGLs	  were	  submitted	  
for	   high-­‐density	   SNP-­‐array	   genotyping	   to	  
analyzed	   chromosomal	   alterations.	  
Summarized	   in	   Table	   3.1.2.,	   this	   series	   of	  
tumors	   contained	   15	   VHL-­‐,	   9	   SDHB-­‐,	   3	   SDHD-­‐,	  
16	  RET-­‐,	  8	  NF1-­‐,	  1	  TMEM127-­‐,	  3	  MAX-­‐,	  4	  EPAS1-­‐
,	   and	   1	  HRAS-­‐associated	   tumors,	   as	  well	   as	   30	  
WT	   PPGLs.	   Of	   these	   85	   tumors,	   nine	   were	  
malignant	  PPGLs.	  
3.1.4.	  DNA	  methylation	  samples	  
The	   Discovery	   Series	   (DS)	   of	   tumors	   was	  
composed	  of	  123	  fresh	  frozen	  PPGL	  specimens	  
collected	   through	   the	   European	   Network	   for	  
the	   Study	   of	   Adrenal	   Tumors	   (ENS@T).	   This	  
series	   included	   99	   benign	   and	   24	   malignant	  
tumors.	   DS	   did	   not	   contain	   any	   head	   and	   neck	   (parasympathetic)	   PGLs,	   only	   PCC	   and	  
sympathetic	  PGLs	  were	  included.	  These	  99	  benign	  tumors	  contained	  22	  VHL-­‐,	  26	  RET-­‐,	  8	  NF1-­‐,	  
4	  SDHB-­‐,	  2	  SDHD-­‐,	  4	  EPAS1-­‐,	  2	  MAX-­‐,	  2	  HRAS-­‐,	  and	  1	  TMEM127-­‐related	  PPGLs.	  The	  remaining	  
28	  benign	  PPGLs	  had	  no	  mutations	   in	   the	  known	  susceptibility	  genes	  and	  were	  denoted	  as	  
"wild-­‐type"	   (WT).	   The	   24	  malignant	   tumors	   were	  mostly	  WT	   (n=17)	   with	   the	   rest	   being	   4	  
SDHB-­‐,	  2	  MAX-­‐,	  and	  1	  VHL-­‐related	  PPGLs.	  	  
DNA	  methylation	  data	  for	  another	  large	  validation	  series,	  denominated	  Validation	  Series	  1	  or	  VS1,	  
of	   PPGLs	   was	   obtained	   from	   a	   publicly	   available	   database,	   Gene	   Expression	   Omnibus	   (GEO,	  
www.ncbi.nlm.nih.gov/gds),	   from	   the	   study	   of	   Letouzé	   et	   al.,	   under	   the	   accession	   number	  
GSE39198	   66.	   This	   previously	   described	   series	   originally	   contained	   14	   malignant	   PPGL	   and	   130	  
benign	  tumors.	  VS1	  was	  extended	  with	  ten	  additional	  malignant	  specimens,	  provided	  by	  Letouzé	  
et	   al.	   that	   had	   not	   been	   previously	   published.	   Like	   the	   DS,	   VS1	   contained	   only	  
pheochromocytomas	  and	  sympathetic	  PGLs.	  The	  24	  malignant	  tumors	  in	  VS1	  included	  10	  SDHB-­‐,	  5	  
VHL-­‐,	  2	  NF1-­‐,	  and	  1	  FH-­‐related	  PPGLs,	  as	  well	  as	  6	  WT	  tumors.	   	  As	  previously	  described,	  all	  VS1	  
Table	  3.1.1.	  Clinical	  summary	  SNP-­‐




N1	   Ben2	   Mal3	  
VHL	   15	   16	   -­‐	  
RET	   16	   16	   -­‐	  
NF1	   8	   8	   -­‐	  
SDHA	   -­‐	   -­‐	   -­‐	  
SDHB	   9	   7	   2	  
SDHC	   -­‐	   -­‐	   -­‐	  
SDHD	   3	   3	   -­‐	  
FH	   -­‐	   -­‐	   -­‐	  
EPAS1	   4	   4	   -­‐	  
MAX	   3	   1	   2	  
HRAS	   1	   1	   -­‐	  
TMEM12
7	  
1	   1	   -­‐	  
WT	   30	   25	   5	  
N1	  PPGL	   90	   81	   9	  
nAM4	   6	  
1)	   N	   Total	   samples.	   	   2)	   Benign	   tumors.	   	   3)	  
Malignant	   tumors.	   	   4)	  nAM;	  Normal	   adrenal	  
medulla.	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samples	  were	  obtained	  through	  the	  COMETE	  network,	  had	  ethical	  approval	  from	  the	  institutional	  
review	  board,	  and	  patients	  provided	  written	  informed	  consent	  66.	  	  
	  
For	  further	  validation,	  we	  compiled	  an	  additional	  independent	  series	  of	  FFPE	  PPGLs	  (n=33),	  called	  
Validation	   series	   2	   or	   VS2.	   Of	   these	   thirty-­‐three	   FFPE	   PPGLs,	   more	   than	   half	   were	   malignant	  
(n=19).	   The	  malignant	   tumors	   included	   16	  WT,	   1	   SDHA-­‐,	   1	  HRAS,	   and	   1	  VHL-­‐related	   PPGL.	   The	  
benign	   tumors	  were	   composed	   of	   3	  SDHB-­‐,	   2	  VHL-­‐,	   1	  HRAS-­‐associated	   PPGLs,	   and	   8	  WT	   cases.	  
Tumors	  were	  obtained	  through	  ENS@T,	  from	  the	  Spanish	  National	  Cancer	  Research	  Centre	  (CNIO)	  
and	  Erasmus	  Medical	  Center	   in	  Rotterdam,	  NL.	  VS2	  was	  composed	  of	  only	  pheochromocytomas	  
and	   sympathetic	   PGLs,	   and	   contained	   no	   head	   and	   neck	   (parasympathetic)	   PGLs.	   Table	   3.1.3.	  
provides	   a	   summary	   of	   clinical	   features	   for	   DS,	   VS1,	   and	   VS2	   PPGLs,	   while	   more	   detailed	  
information	  about	  these	  series	  can	  be	  found	  in	  Supplementary	  Table	  3.2.	  
3.2.	  Biomolecules	  
Various	  types	  of	  biomolecules,	  including	  DNA,	  mRNA,	  miRNA,	  and	  protein,	  were	  necessary	  for	  the	  
experiments	   performed	   in	   this	   thesis	   project.	   DNA	   was	   used	   for	   sequencing,	   SNP-­‐array	  
genotyping,	   and	  DNA	  methylation	   assays.	   Both	  miRNA	   and	  mRNA	  were	   used	   for	   RT-­‐qPCRs	   and	  
hybridization	  experiments,	  while	  protein	  was	  required	  for	  proteomic	  studies.	  
3.2.1.	  DNA	  extraction	  &	  purification	  
Total	  DNA	  was	  extracted	  and	  purified	  using	  the	  DNeasy	  Blood	  and	  Tissue	  Kit	  (Qiagen,	  Chatsworth,	  
CA,	   USA)	   according	   to	   the	   manufacture’s	   protocol.	   For	   DNA	   methylation	   profiling,	   as	   well	   as	  
pyrosequencing	   reactions,	   the	   concentration	   of	   DNA	   was	   measured	   using	   PicoGreen	   reagent	  
(Invitrogen).	   For	   other	   uses,	   DNA	   concentration	   was	   measured	   using	   a	   NanoDrop	  
Table	  3.1.3.	  Clinical	  summary	  for	  methylation	  study	  tumors	  
Discovery	  Series	   Validation	  Series	  1	  VS1)	   Validation	  Series	  2	  	  
N1	   Ben2	   Mal3	   N1	   Ben2	   Mal3	   N1	   Ben2	   Mal3	  
VHL	   23	   22	   1	   24	   19	   5	   3	   2	   1	  
RET	   26	   26	   -­‐	   13	   13	   -­‐	   -­‐	   -­‐	   -­‐	  
NF1	   8	   8	   -­‐	   30	   28	   2	   -­‐	   -­‐	   -­‐	  
SDHA	   -­‐	   -­‐	   -­‐	   1	   1	   -­‐	   1	   -­‐	   1	  
SDHB	   8	   4	   4	   16	   6	   10	   3	   3	   -­‐	  
SDHC	   -­‐	   -­‐	   -­‐	   1	   1	   -­‐	   -­‐	   -­‐	   -­‐	  
SDHD	   2	   2	   -­‐	   3	   3	   -­‐	   -­‐	   -­‐	   -­‐	  
FH	   -­‐	   -­‐	   -­‐	   1	   -­‐	   1	   -­‐	   -­‐	   -­‐	  
EPAS1	   4	   4	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  
MAX	   3	   2	   2	   4	   4	   -­‐	   -­‐	   -­‐	   -­‐	  
HRAS	   2	   2	   -­‐	   -­‐	   -­‐	   -­‐	   2	   1	   1	  
TMEM127	   1	   1	   -­‐	   1	   1	   -­‐	   -­‐	   -­‐	   -­‐	  
WT	   45	   28	   17	   60	   54	   6	   24	   8	   16	  
N1	  PPGL	   123	   99	   24	   154	   130	   24	   33	   14	   19	  
nAM4	   -­‐	   3	   -­‐	  
1)	  N	  Total	  samples.	  	  2)	  Benign	  tumors.	  	  3)	  Malignant	  tumors.	  	  4)	  nAM;	  Normal	  adrenal	  medulla.	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spectrophotometer	   (NanoDrop	  Technologies,	  Wilmington,	  DE,	  USA).	  The	  procedure	  employed	   is	  
provided	  below.	  
3.2.1.1.	  DNA	  from	  frozen	  tissue	  
Briefly,	  approximately	  20	  mg	  of	  frozen	  tissue	  was	  digested	  with	  Proteinase	  K	  at	  55°C	  for	  2-­‐4	  hours.	  
Then	  digested	  DNA	  was	  bound	  to	  DNeasy	  Mini	  spin	  column,	  washed,	  and	  dried.	  The	  purified	  DNA	  
was	  eluted	  75-­‐150	  μL	  of	  Elution	  Buffer.	  The	  eluted	  DNA	  can	  be	  stored	  at	  4°C,	  or	  at	  -­‐20°C	  for	  long-­‐
term	  storage.	  
3.2.1.2.	  DNA	  from	  FFPE	  tissue	  
Four	   to	   six	   sections	   (10um)	   were	   obtained	   from	   each	   paraffin	   block	   and	   placed	   in	   a	   1.5	   mL	  
microcentrifuge	  tube.	  The	  tissue	  was	  deparaffinized	  by	  three	  additions	  of	  1	  ml	  Xylol.	  The	  xylol	  was	  
removed	  from	  tissue	  pellet	  by	  three	  100%	  EtOH	  washes,	  and	  the	  tissue	  pellet	  was	  dried	  at	  room	  
temperature	  for	  10	  minutes	  with	  the	  tube	  un-­‐capped.	  The	  pellet	  was	  digested	  with	  Proteinase	  K	  
at	  55°C	  for	  2-­‐4	  hours	  or	  until	  completely	  digested.	  The	  digested	  sample	  was	  incubated	  at	  80°C	  for	  
15	  minutes	  to	  de-­‐crosslink	  DNA.	  Once	  the	  pellet	  has	  been	  deparaffinized,	  digested,	  and	  DNA	  de-­‐
cross-­‐linked,	   the	   remaining	   protocol	   for	   DNA	   extraction	   and	   purification	   was	   performed	   as	  
described	  in	  section	  3.2.1.1.	  
3.2.1.3.	  DNA	  quantification	  by	  PicoGreen	  
Standard	   solution	   preparation	  was	   prepared	   by	   dilution	   to	   200	   ng/μL.	   DNA	   standard	   and	   DNA	  
samples	   were	   dispensed	   in	   a	   black	   fluorometric	   96-­‐well	   plate.	   Then	   2	   μL	   of	   DNA	   sample	   was	  
dispensed	  alongside	   the	  standard.	   In	   the	   first	  well	   (A1)	  of	  a	  black	  96-­‐well	  plate	   for	   fluorometric	  
detection,	  stock	  Lambda	  DNA	  standard	  was	  diluted	  to	  200	  ng/μl	  in	  a	  final	  volume	  of	  233.3	  μl	  1	  X	  
TE	  buffer.	  Then	  66.7	  μL	  of	  1X	  TE	  buffer	  was	  dispensed	  in	  the	  second	  well	  (B1),	  and	  100	  μL	  1X	  TE	  
buffer	  was	  added	  to	  the	  next	  six	  wells	   (C1,	  D1,	  E1,	  F1,	  G1,	  and	  H1).	  A	  serial	  dilution	  of	  the	  DNA	  
standard	  was	  obtained	  by	  transferring	  133.3	  μL	  of	  diluted	  Lambda	  DNA	  from	  the	  first	  well	  (A1)	  to	  
the	  second	  well	  (B1).	  Then	  100	  μL	  of	  diluted	  standard	  was	  transferred	  from	  the	  second	  well	  (B1)	  
to	  the	  third	  well	  (C1).	  This	  was	  repeated	  for	  the	  next	  four	  wells	  (D1,	  E1,	  F1,	  and	  G1).	  No	  DNA	  was	  
transferred	   to	   the	   last	   well	   (H1),	   which	   served	   as	   a	   blank.	   Finally,	   2	   μL	   of	   DNA	   sample	   (to	   be	  
measured)	  was	  added	  in	  the	  subsequent	  wells.	  
A	  dilution	  containing	  0.5	  μL	  PicoGreen	  reagent	   in	  100	  μL	  of	  1X	  TE	  buffer	  was	  prepared	  for	  each	  
PicoGreen	   reaction.	   In	   each	  well,	   100	   μL	   PicoGreen	   dilution	  was	   added.	   The	   96-­‐well	   plate	  was	  
covered	   with	   an	   aluminum	   adhesive	   cover,	   mixed	   thoroughly	   by	   vortex,	   and	   centrifuged.	  
Fluorescence	   was	   measured	   with	   a	   Beckman	   Coulter®	   DTX800	   Multimode	   Detector	   and	  
intensities	   exported	   as	   a	   text	   document.	   A	   Standard	   curve	   was	   constructed	   using	   standard	  
solutions,	  and	  used	  to	  calculate	  the	  concentration	  of	  DNA	  in	  the	  samples.	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3.2.2.	  RNA	  Extraction	  
Total	  RNA	  from	  fresh-­‐frozen	  specimens	  was	  extracted	  and	  purified	  using	  TRI	  Reagent®	  (Molecular	  
Research	   Center,	   Cincinnati,	   OH,	   USA)	   and	   the	   mRNeasy	   Kit	   (Qiagen,	   Chatsworth,	   CA,	   USA).	  
Extraction	  and	  purification	  of	  total	  RNA	  from	  FFPE	  tissue	  was	  performed	  using	  the	  RNeasy	  FFPE	  kit	  
(Qiagen).	  Prior	   to	  use,	   the	  extracted	  and	  purified	   total	  RNA	  was	   treated	  with	  DNase	   to	   remove	  
any	  DNA	  contamination.	  Finally,	  for	  hybridization	  experiments,	  RNA	  quality	  was	  measured	  with	  an	  
Agilent	  2100	  Bioanalyzer	  (Agilent	  Technologies,	  Palo	  Alto,	  CA,	  USA).	  The	  procedures	  followed	  are	  
provided	  below.	  
3.2.2.1.	  RNA	  from	  Frozen	  Tissue	  
Approximately	   15	  mg	   of	   frozen	   tissue	  was	   homogenized	  with	   a	  mechanical	  mortar	   and	   pestle.	  
Once	  tissue	  has	  been	  fully	  homogenated,	  1200	  μL	  of	  TRI	  Reagent	  was	  added,	  the	  tube	  mixed	  by	  
vortex,	  and	  incubated	  at	  room	  temperature	  for	  5	  minutes.	  Organic	  extraction	  of	  nucleic	  acids	  was	  
accomplished	  by	  addition	  of	  0.3-­‐0.4	  volumes	  of	  chloroform,	  the	  tube	  was	  shaken	  vigorously	  for	  15	  
seconds	   (do	   not	   vortex!!	   Vortexing	   increases	   DNA	   contamination),	   and	   incubated	   at	   room	  
temperature	   for	   5	   minutes.	   The	   tube	   was	   then	   centrifuged	   to	   separate	   organic	   and	   aqueous	  
phases.	  
The	   aqueous	   phase,	   containing	   the	   RNA,	   was	   removed,	   and	   one	   volume	   of	   70%	   ethanol	   was	  
slowly	   added	   to	   the	   aqueous	   phase	   while	   gently	   mixing.	   The	   sample	   was	   passed	   through	   an	  
RNeasy	  column.	  The	  flow-­‐through	  was	  passed	  back	  through	  the	  column	  again.	  The	  flow-­‐through	  
was	   discarded	   and	   was	   in	   accordance	   to	   the	   manufacture's	   recommendations.	   The	   column	  
centrifuged	  to	  dry	  the	  membrane	  before	  elution	  of	  RNA.	  
Then	  the	  purified	  total	  RNA	  was	  eluted	  in	  40	  μL	  of	  RNase-­‐free	  dH2O.	  The	  eluted	  RNA	  was	  passed	  
back	  through	  the	  column	  and	  eluted	  the	  RNA	  was	  then	  stored	  at	  -­‐80°C.	  
3.2.2.2.	  RNA	  from	  FFPE	  tissue	  
Using	   a	   2	  mm	   biopsy	   needle,	   2-­‐4	   cores	   were	   taken	   from	   each	   tumor	   (area	   of	   FFPE	   block	   was	  
previously	   indicated	  by	  a	  pathologist).	  The	  cores	  mashed	  using	  a	  mechanical	  mortar	  and	  pestle.	  
Once	  the	  cores	  have	  been	  mashed,	  the	  tissue	  was	  deparaffinized	  by	  three	  additions	  of	  Xylol.	  The	  
xylol	  was	  removed	  from	  tissue	  pellet	  by	  three	  100%	  EtOH	  washes,	  and	  the	  tissue	  pellet	  dried	  at	  
room	   temperature.	   The	   dried	   deparaffinized	   tissue	   pellet	   was	   resuspended	   in	   Buffer	   PKD,	  
Proteinase	   K	  was	   added,	   and	   the	   tissue	  was	   digested	   at	   55°C	   for	   15	  minutes.	   The	   sample	  was	  
incubated	  at	  80°C	  for	  15	  minutes	  to	  de-­‐crosslink	  the	  RNA.	  Then	  Buffer	  RBC	  and	  100%	  ethanol	  was	  
added	  to	  the	  sample,	  and	  the	  sample	  was	  passed	  through	  an	  RNeasy	  MiniElute	  spin	  column.	  The	  
flow-­‐through	  was	  passed	  back	  through	  the	  column.	  The	  column	  was	  washed	  in	  accordance	  to	  the	  
manufacturer's	  instructions.	  The	  column	  was	  placed	  in	  a	  fresh	  collection	  tube	  and	  centrifuged	  at	  
13000	   rpm	   for	   5	  minutes	   to	   dry	   the	  membrane.	   The	   purified	   total	   RNA	  was	   eluted	   in	   20	  μL	   of	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RNase-­‐free	   dH2O.	   To	   increase	   RNA	   yield,	   eluted	   RNA	   can	   be	   passed	   back	   through	   the	   column.	  
RNA	  was	  then	  stored	  at	  -­‐80°C.	  
3.2.2.3.	  DNase	  treatment	  of	  RNA	  sample	  
The	  concentration	  of	  the	  RNA	  was	  measured	  using	  a	  NanoDrop	  spectrophotometer.	  Then	  10	  μg	  of	  
RNA	  sample	  was	  diluted	  in	  50	  μL	  to	  obtain	  a	  final	  concentration	  of	  nucleic	  acids	  at	  200	  ng/μL.	  To	  
the	  diluted	  RNA	  sample,	  add	  0.1	  volumes	  of	  10X	  DNase	  I	  Buffer	  (5	  μL)	  and	  1	  μL	  of	  DNase	  I	  enzyme.	  
The	  digestion	  was	   incubated	  at	  37°C	  for	  25	  minutes.	  Then	  another	  1	  μL	  of	  DNase	   I	  enzyme	  was	  
added	   to	   the	   RNA	   sample,	   briefly	   mixed,	   and	   incubated	   for	   25	   minutes	   at	   37°C.	   The	   DNase	   I	  
enzyme	  was	   inactivated	  by	  addition	  of	  0.2	  volumes	  of	  resuspended	  DNase	   inactivation	  Reagent,	  
followed	  by	  2	  minutes	  of	  incubation	  at	  room	  temperature	  with	  occasional	  mixing.	  The	  inactivation	  
reagent	   was	   pelleted	   by	   centrifugation	   at	   10000	   rpm	   for	   1.5	   minutes.	   Finally	   the	   supernatant	  
containing	  purified	  RNA	  was	  transferred	  to	  a	  fresh	  1.5	  ml	  microcentrifuge	  tube.	  RNA	  was	  stored	  at	  
-­‐80°C	  until	  ready	  to	  use.	  
3.2.2.4.	  RNA	  concentration	  &	  quality	  	  
For	  uses	  other	  than	  hybridization,	  RNA	  concentration	  and	  purity	  were	  assessed	  by	  A260/A280	  and	  
A260/A230	  ratios	  measured	  using	  a	  NanoDrop	  ND-­‐1000	  spectrophotometer	   (Thermo	  Scientific).	  
RNA	   quality	   was	   considered	   acceptable	   when	   A260/A280≥1.8	   and	   A260/A230≥1.5.	   For	  
hybridization	  experiments,	  RNA	  quality	  was	  assessed	  using	  an	  Agilent	  2100	  Bioanalyzer	   (Agilent	  
Technologies).	  Only	  samples	  with	  an	  RNA	  integrity	  number	  (RIN)	  greater	  than	  7.5	  were	  considered	  
apt	  for	  hybridization	  experiments.	  
3.2.3.	  Protein	  extraction	  &	  purification	  
Four	   tumors	   (SDHB_3,	   SDHB_9,	   MAX_1,	   and	   MAX_3)	   were	   subjected	   to	   label	   free	   proteome	  
analysis.	  Tissue	  specimen	  weights	  ranged	  from	  10	  mg	  to	  22	  mg.	  Samples	  were	  washed	  three	  times	  
with	  cold	  PBS	  and	  homogenized	  with	  a	  Precellys	  24	  Bead	  Mill	  Homogenizer	  (Bertin	  Technologies,	  
Villeurbanne,	  France)	  (20	  x	  2	  s,	  power	  set	  to	  5500	  w),	  using	  three	  zirconium	  beads	  per	  tube.	  	  Then	  
15	  µL	  of	  lysis	  buffer	  (50	  mM	  HEPES,	  pH	  7.5,	  7M	  urea,	  2M	  thiourea,	  2%	  CHAPS,	  100	  mM	  DTT)	  with	  
protease	  inhibitors	  and	  0.1%	  benzonase	  were	  added	  per	  mg	  of	  tissue.	  Samples	  were	  then	  clarified	  
by	   centrifugation	   (16000	  g)	   at	   4ºC	   for	  15	  min.	  Protein	   concentration	  was	  determined	  using	   the	  
Protein	   Assay	   Kit	   (Bio-­‐Rad,	   Hercules,	   CA)	   using	   BSA	   as	   standard	   (660nm	   Protein	   Assay,	   Pierce).	  
Using	  the	  standard	  FASP	  protocol	  150,	  140	  µg	  of	  protein	  was	  digested,	  and	  samples	  washed	  three	  
to	  four	  times	  with	  UA	  (8M	  urea	  in	  50	  Mm	  ammonium	  bicarbonate).	  Subsequently,	  proteins	  were	  
alkylated	   using	   iodoacetamide	   (50	   mM)	   for	   20	   min	   in	   the	   dark	   and	   the	   excess	   of	   alkylation	  
reagents	   was	   washed	   out	   with	   UA	   twice.	   Proteins	   were	   digested	   with	   endoproteinase	   Lys-­‐C	  
(Wako)	  during	  6	  hours	  at	  37ºC	  (1:50	  enzyme	  to	  substrate	  ratio).	  Finally,	  samples	  were	  diluted	  in	  
50	  mM	  ammonium	  bicarbonate	  to	  adjust	  the	  urea	  concentration	  to	  1M,	  and	  digested	  with	  Trypsin	  
Gold	   (Promega)	   overnight	   at	   37	   °C.	   Resulting	   peptides	  were	   further	   desalted	   and	   concentrated	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using	   homemade	   reversed	   phase	   micro-­‐columns	   filled	   with	   Poros	   Oligo	   R3	   beads	   (Life	  
Technologies).	  	  The	  samples	  were	  dried	  in	  a	  Speed-­‐Vac	  and	  dissolved	  in	  80	  µL	  formic	  acid	  (0.1%).	  
The	   concentration	  of	   the	  peptides	  was	  measured	  by	   fluorescence	  at	  348	  nm	  after	  excitation	  at	  
284	  nm.	  
3.3.	  MicroRNA	  expression	  	  
In	   this	   study,	  miRNAs	  were	   analyzed	   first	   by	  microarray	   hybridization.	  MicroRNA	  hybridizations	  
were	  performed	  using	  the	  Agilent	  Human	  miRNA	  Microarray	  Kit	  version	  2.0	  (Agilent	  Technologies,	  
Santa	  Clara,	  CA).	  For	  validation,	  expression	  of	   individual	  miRNAs	  was	  quantified	  by	  Quantitative	  
real-­‐time	   PCR	   (qRT-­‐PCR)	   using	   miRCURY	   LNA	   Universal	   RT	   miR	   PCR	   system	   (Exiqon,	   Vedbaek,	  
Denmark).	  Details	  about	  these	  experiments	  can	  be	  found	  below.	  
3.3.1.	  MicroRNA	  hybridization	  &	  processing	  
MicroRNA	   expression	   profiling	   was	   performed	   using	   the	   Agilent	   Human	   miRNA	  Microarray	   Kit	  
version	  2.0	  (G4470B,	  one	  color	  technique,	  Agilent	  Technologies).	  For	  each	  tissue	  sample,	  100	  ng	  
of	  total	  RNA	  were	  hybridized	  and	  processed	  in	  accordance	  with	  the	  manufacturer’s	   instructions.	  
The	  arrays	  were	  scanned	  with	  a	  G2565C	  DNA	  microarray	  scanner	  (Agilent	  Technologies),	   images	  
were	   processed	   using	   the	   Agilent	   Feature	   Extraction	   (AFE)	   Software	   package	   version	   10.1.1	  
(Agilent	  Technologies),	  and	  data	  were	  exported	  as	  text	  files.	  	  
3.3.4.	  Real-­time	  quantitative	  PCR	  (RT-­qPCR)	  for	  miRNAs	  
First-­‐strand	  cDNA	  synthesis	  by	  RT	  of	  total	  RNA	  was	  performed	  using	  the	  miRCURY	  LNA	  Universal	  
RT	   miR	   PCR	   system	   (Exiqon,	   Vedbaek,	   Denmark)	   according	   to	   the	   manufacturer’s	  
recommendations.	  All	  qRT-­‐PCR	  assays	  were	  performed	  on	  an	  ABI	  PRISM	  7900HT	  analyzer	  (Applied	  
Biosystems)	   using	   the	   LNA	   miR-­‐PCR	   primer/SYBR	   Green	   mix	   (Exiqon)	   in	   accordance	   with	   the	  
manufacturer’s	  recommendations.	  Reactions	  were	  per-­‐	  formed	  in	  triplicate,	  and	  negative	  controls	  
were	  included	  in	  all	  series	  of	  qRT-­‐PCRs.	  The	  qRT-­‐PCR	  data	  were	  imported	  into	  qBase151,	  and	  after	  
assessing	  the	  stability	  of	  five	  endogenous	  reference	  RNAs,	  we	  selected	  the	  most	  stable	  ones,	  5S-­‐
rRNA,	   SNORD48,	   and	   SNORD66,	   for	   normalization.	   Relative	   miRNA	   expression	   was	   calculated	  
using	   the	   2-­‐ΔΔCt	   method.	   Statistical	   analyses	   were	   performed	   using	   StatPlus	   version	   2009	  
(AnalystSoft,	   http://www.analystsoft.com/en/).	   Statistical	   differences	   between	   the	   four	   genetic	  
classes	   of	   PPGLs	   (SDHB,	   SDHD,	   VHL,	   and	   RET	   mutants),	   as	   well	   as	   nAM,	   were	   assessed	   using	  
Kruskal–Wallis	  one-­‐way	  ANOVA	  (P>0.05).	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3.4.	  Additional	  microarray	  expression	  data	  
Although	  no	  new	  mRNA	  hybridization	  experiments	  were	  performed	   in	   this	   study,	  we	  did	  utilize	  
various	   publically	   available	   microarray	   expression	   data	   accessed	   through	   the	   Gene	   Expression	  
Omnibus	   (http://www.ncbi.nlm.nih.gov/geo/).	   Details	   about	   additional	   microarray	   expression	  
data	  utilized	  in	  this	  study	  are	  provided	  in	  sections	  3.4.1,	  3.4.2	  and	  3.4.3.	  
3.4.1.	  PPGL	  gene	  expression	  profiles	  
Gene	  expression	  profiling	  data	   for	   99	  PPGLs,	   containing	  8	  with	   and	  91	  without	  metastasis,	  was	  
obtained	  through	  gene	  expression	  omnibus	  (GEO)	  under	  GSE19422	  and	  GSE51087.	  As	  previously	  
described,	   downloaded	   gene	   expression	   profiles	   were	   quantile	   normalized	   and	   antigenomic	  
probes	  were	  used	  as	  background	  probes	  87,102.	  
3.4.2.	  PC12	  cell	  miRNA	  profiling	  data	  set	  	  
A	  miRNA	  microarray	  data	  set	  for	  PC12	  cells	  was	  obtained	  from	  a	  publicly	  available	  database,	  Gene	  
Expression	  Omnibus	  (GEO,	  www.ncbi.nlm.nih.gov/gds),	  from	  the	  study	  of	  Hamada	  et	  al.	  (2012),	  
which	  included	  expression	  of	  350	  miRNAs	  after	  NGF	  stimulation	  at	  four	  time	  points	  (0,	  12,	  24,	  and	  
48	  h)	  152.	  This	  dataset	  is	  available	  under	  the	  GEO	  accession	  number	  GSE32122.	  
3.4.3.	  RDBP	  knock-­down	  in	  T47D	  breast	  cancer	  cells	  
Gene	  expression	  profiling	  data	  for	  T47D	  breast	  cancer	  cells	  with	  and	  without	  RDBP	  knockout	  was	  
obtained	  through	  the	  gene	  expression	  omnibus	  (GEO	  accession	  number	  GSE19940).	  As	  previously	  
described,	   downloaded	   gene	   expression	   profiles	   were	   quantile	   normalized	   and	   antigenomic	  
probes	  were	  used	  as	  background	  probes	  153.	  
3.5.	  Proteomic	  analyses	  
Four	  PPGL	  tumors	  (SDHB_3,	  SDHB_9,	  MAX_1,	  and	  MAX_3)	  were	  subjected	  to	  label-­‐free	  proteome	  
analysis.	  Samples	  were	  extracted	  and	  proteins	  were	  digested	  using	  a	  standard	  FASP	  protocol	  154.	  
The	   resulting	   peptides	  were	   separated	   by	   online	   nano-­‐LC	   and	   analyzed	  by	   electrospray	  MS/MS	  
using	  a	  LTQ	  Orbitrap	  Velos	  mass	  spectrometer	  (Thermo	  Scientific,	  San	  Jose,	  CA,	  USA).	  The	  same	  
protein	  amount	  was	  injected	  in	  triplicates.	  Raw	  files	  were	  searched	  against	  UniProtKB/Swiss-­‐Prot	  
human	   database	   (release	   date:	   April	   18,	   2012;	   73579	   sequences)	   using	   MaxQuant	   Software	  
(v1.3.0.3;	  Martinsried,	  Germany)	  155.	  For	  protein	  assessment,	  at	  least	  two	  unique	  peptides	  with	  a	  
FDR>0.01	   were	   required.	   Label-­‐free	   analysis	   was	   performed	   using	   the	   label-­‐free	   quantitation	  
(LFQ)	   values	   determined	   by	   MaxQuant	   156.	   Further	   analysis	   was	   done	   with	   Perseus	   Software	  
(v1.3.0.3;	  Martinsried,	  Germany).	  A	  more	  detailed	  description	  of	  methodology	  is	  provided	  below.	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3.5.1.	  LC-­MS/MS	  analysis	  
Desalted	  peptides	  were	  diluted	  1:10	  and	  0.5	  µg	  of	  total	  protein	  was	   injected	   in	  the	  system.	  The	  
peptides	   were	   separated	   by	   reversed-­‐phase	   chromatography	   using	   a	   nanoLC	   Ultra	   system	  
(Eksigent),	   directly	   coupled	   to	   an	   LTQ-­‐Orbitrap	   Velos	   instrument	   (Thermo	   Fisher	   Scientific)	   via	  
nanoelectrospray	  source	  (ProxeonBiosystem).	  Peptides	  were	  loaded	  onto	  the	  column	  (Dr.	  Maisch,	  
Reprosil-­‐Pur	  C18	  GmbH	  3	  mm,	  200x0.075	  mm),	  with	  a	  previous	  trapping	  column	  step	  (IntegraFrit	  
100	  µm	  x	  25	  mm	  containing	  ProteoPep	  II	  C18,	  300	  Å,	  5	  µm	  (New	  Objective)),	  during	  10	  min	  with	  a	  
flow	  rate	  of	  2.5	  ml/min	  of	  buffer	  A	  (0.1%	  formic	  acid).	  Elution	  from	  the	  column	  was	  made	  with	  a	  
120	   min	   linear	   gradient	   of	   5-­‐40%	   buffer	   B	   (acetonitrile,	   0.1%	   formic	   acid).	   The	   peptides	   were	  
directly	  electrosprayed	  into	  the	  mass	  spectrometer	  using	  a	  PicoTip	  emitter	  (360/20	  OD/ID	  µm	  tip	  
ID	  10	  µm	  New	  Objective)	  at	  1.4	  kV	  spray	  voltage	  with	  a	  heated	  capillary	  temperature	  of	  275°C	  and	  
S-­‐Lens	   of	   60%.	   Mass	   spectra	   were	   acquired	   in	   a	   data-­‐dependent	   manner,	   with	   an	   automatic	  
switch	   between	  MS	   and	  MS/MS	   scans	   using	   a	   top	   20	  method	  with	   a	   threshold	   signal	   of	   1000	  
counts.	  MS	  spectra	  were	  acquired	  with	  a	  resolution	  of	  60000	  (FWHM)	  at	  400	  m/z	  in	  the	  Orbitrap,	  
scanning	  a	  mass	  range	  between	  350	  and	  1750	  m/z.	  Peptide	  fragmentation	  was	  performed	  using	  
collision	   induced	  dissociation	   (CID/CAD)	  and	  fragment	   ions	  were	  detected	   in	  the	   linear	   ion	  trap.	  
The	  normalized	  collision	  energy	  was	  set	  to	  35%,	  the	  Q	  value	  to	  0.25	  and	  the	  activation	  time	  to	  10	  
ms.	  The	  maximum	  ion	  injection	  times	  for	  the	  survey	  scan	  and	  MS/MS	  scans	  were	  500	  ms	  and	  150	  
ms,	  respectively,	  and	  the	  ion	  target	  values	  were	  set	  to	  1E6	  and	  5000,	  respectively,	  for	  each	  scan	  
mode.	  	  
3.6.	  High-­density	  SNP-­array	  genotyping	  
To	  investigate	  the	  presence	  of	  chromosomal	  rearrangements	  in	  the	  tumors,	  we	  performed	  high-­‐
density	   SNP-­‐array	   analysis	   in	   87	   PPGLs.	   In	   accordance	  with	   the	  manufacturer’s	   specifications,	   a	  
genome-­‐wide	  scan	  of	  over	  700,000	  markers	  was	  conducted	  on	  250	  ng	  of	   tumor	  DNA,	  using	   the	  
Illumina	  HumanOmniExpress	  BeadChip	  (Illumina,	  San	  Diego,	  CA)	  at	  the	  Spanish,	  “Centro	  Nacional	  
de	   Genotipado	   (CEGEN-­‐ISCIII)”	   (www.cegen.org).	   Image	   data	   were	   analyzed	   using	   the	  
Chromosome	  Viewer	  tool	  contained	  in	  GenomeStudio	  2010.2	  (Illumina)	  to	  obtain	  LOG	  R	  and	  BAF	  
(B	  allele	  frequency)	  values.	  The	  metric	  used	  was	  the	  log-­‐R	  ratio	  that	  is	  the	  binary	  logarithm	  of	  the	  
ratio	   of	   the	   observed	   to	   the	   expected	   normalized	   log-­‐R	   values	   for	   a	   given	   SNP	   157.	   The	   allele	  
frequency	  was	  also	  estimated	  for	  all	  SNPs.	  	  
3.7.	  DNA	  Methylation	  	  
For	   the	   DNA	  methylation	   assay,	   bisulfite-­‐conversion	   of	   DNA	   was	   performed	   using	   the	   EZ	   DNA	  
Methylation	   Kit	   (Zymo	   Research,	   Orange,	   CA)	   following	   the	   manufacturer’s	   recommendations.	  
Genome-­‐wide	   promoter	   DNA	   methylation	   profiling	   was	   performed	   using	   the	   Illumina	   Infinium	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HumanMethylation	   27K	   Platform	   (Illumina,	   San	  Diego,	   CA)	   at	   the	   Spanish,	   “Centro	  Nacional	   de	  
Genotipado"	  (CEGEN-­‐ISCIII;	  www.cegen.org)	  as	  previously	  described	  158.	  	  
3.7.1.	  Bisulfite	  conversion	  of	  DNA	  
For	   each	   DNA	   sample,	   5	   μl	   of	  M-­‐Dilution	   Buffer	   was	   added	   to	   the	   DNA	   and	   the	   total	   volume	  
adjusted	  to	  50	  μl	  with	  water.	  The	  sample	  was	  gently	  mixed	  by	  flicking	  or	  pipetting	  up	  and	  down.	  
For	   Illumina	   Infinium®	   Methylation	   Assay,	   1000	   ng	   of	   sample	   DNA	   was	   used,	   while	   20	   ug	   of	  
sample	   DNA	   was	   necessary	   for	   pyrosequencing.	   The	   reaction	   was	   incubated	   at	   37°C	   for	   15	  
minutes.	  After	  the	  above	  incubation,	  100	  μl	  of	  the	  prepared	  CT	  Conversion	  Reagent	  was	  added	  to	  
each	  sample.	  	  
For	   pyrosequencing,	   the	   reaction	   was	   incubated	   in	   the	   dark	   at	   50°C	   for	   16	   hours.	   After,	   the	  
sample	   was	   cooled	   on	   ice	   for	   10	   minutes.	   For	   the	   Illumina	   Infinium®	   Methylation	   Assay,	   the	  
sample	  was	  incubated	  in	  a	  thermocycler	  at	  95°C	  for	  30	  seconds,	  (50°C	  for	  60	  minutes)	  X16	  cycles,	  
and	  Held	  at	  4ºC	  for	  at	  least	  10	  minutes.	  
Then	  400	  μl	  of	  M-­‐Binding	  Buffer	  were	  added	   to	  a	  Zymo-­‐Spin™	   IC	  Column	  placed	   in	  a	   collection	  
tube.	  The	  sample	  was	  then	  dispensed	   into	  the	  Zymo-­‐Spin™	  IC	  Column	  containing	  the	  M-­‐Binding	  
Buffer.	  The	  contents	  were	  mixed	  by	  inverting	  the	  column	  several	  times,	  centrifuged	  at	  full	  speed	  
(>10,000	  x	  g)	  for	  30	  seconds,	  and	  the	  flow-­‐through	  discarded.	  After,	  100	  μL	  of	  M-­‐Wash	  Buffer	  was	  
added	  to	  the	  column.	  The	  column	  was	  centrifuged	  at	  full	  speed	  for	  30	  seconds	  before	  adding	  200	  
μl	  of	  M-­‐Desulphonation	  Buffer	  to	  the	  column.	  The	  reaction	  was	  incubated	  at	  room	  temperature	  
(20-­‐30°C)	   for	  15-­‐20	  minutes,	  and	  after	   the	   incubation,	   the	  column	  was	  centrifuged	  at	   full	  speed	  
for	  30	  seconds.	  The	  column	  was	  washed	  with	  200	  μl	  of	  M-­‐Wash	  Buffer	  to	  the	  column,	  centrifuged	  
at	   full	   speed	   for	   30	   seconds,	   an	   another	   200	   μL	   of	   M-­‐Wash	   Buffer	   was	   added,	   and	   finally	  
centrifuged	   for	  an	  additional	  30	  seconds.	  The	  column	  was	  placed	   into	  a	  1.5	  mL	  microcentrifuge	  
tube,	  and	  converted	  DNA	  eluted	  in	  10	  μL	  of	  M-­‐Elution	  Buffer.	  Converted	  DNA	  was	  stored	  at	  -­‐20°C	  
until	  used.	  
3.7.2.	  Methylation-­specific	  PCR	  	  
Epigenetic	  detection	  of	  chromosome	  14	  uniparental	  disomy	  (copy	  neutral	  event)	  was	  performed	  
with	   a	   methylation-­‐specific	   PCR	   (MSP)	   for	   the	   MEG3	   promoter,	   as	   previously	   described	   159.	  
Bisulfite	   treated	   genomic	   DNA	   was	   subjected	   to	   an	   MSP	   protocol	   in	   25	   μl	   reactions	   using	  
approximately	   5	   ng	   of	   template,	   3	  mM	  MgCl2,	   0.2	  mM	  dNTPs,	   0.4	   μM	  of	   each	  M	  primer	   (M.F:	  
GTTAGTAATCGGGTTTGTCGGC;	  and	  M.R:	  AATCATAACTCCGAACACCCGCG)	  and/or	  0.8	  μM	  of	  each	  
U	   primer	   (U.F:	   GAG	   GAT	   GGTTAGTTATTGGGGT;	   and	   U.R:	   CCACCATAACCAACACCCTATAATCACA)	  
160,161.	  The	  following	  program	  was	  used	  for	  MSP:	  94°C	  for	  3	  minutes	  followed	  by	  five	  cycles	  of	  94°C	  
for	  30	  seconds,	  70°C	  for	  30	  seconds,	  72°C	  for	  30	  seconds;	  30	  cycles	  of	  94°C	  for	  30	  seconds,	  60°C	  
for	   30	   seconds,	   72°C	   for	   30	   seconds;	   final	   5	   minute	   extension	   at	   72°C.	   The	   products	   were	  
separated	  and	  visualized	  on	  3%	  high	  resolution	  agarose	  gel	  with	  ethidium	  bromide	  staining.	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3.7.3.	  Illumina	  Infinium®	  Methylation	  Assay	  
After	   bi-­‐sulfite	   conversion	   of	   genomic	   DNA,	   genome-­‐wide	   DNA	   methylation	   profiling	   was	  
performed	  at	  the	  Spanish	  "Centro	  Nacional	  de	  Genotipado	  (CEGEN-­‐ISCIII)"	  (www.cegen.org)	  using	  
the	   Illumina	   Infinium	   HumanMethylation	   27K	   platform	   (Illumina,	   San	   Diego,	   CA)	   as	   previously	  
described	  158.	  Briefly,	  after	  bi-­‐sulfite	  conversion,	   first	  DNA	  samples	  were	  denatured,	  neutralized,	  
and	  amplified	  overnight.	  The	  following	  day,	  the	  amplified	  DNA	  was	  enzymatically	  fragmented	  and	  
precipitated	   using	   isopropyl	   alcohol.	   The	  DNA	  was	   resuspended,	   and	  DNA	  was	   hybridized	   on	   a	  
BeadChip	   for	   24	   hours.	   After,	   the	   BeadChips	   were	   washed	   to	   remove	   unhybridized	   and	   non-­‐
specifically	   hybridized	   DNA	   before	   proceeding	   with	   single-­‐base	   extension,	   where	   labeled	  
nucleotides	  are	   incorporated	   in	  primers	  hybridized	  to	  the	  DNA.	  Finally,	  BeadChips	  were	  stained,	  
coated	   for	   protection,	   and	   BeadChip	   Images	   obtained	   on	   an	   iScan™	   Reader.	   The	   27K	   platform	  
generates	  DNA	  methylation	  data	   for	   27,578	  CpG	  dinucleotides	   corresponding	   to	   14,473	  unique	  
genes.	  
3.7.4.	  Bisulfite	  pyrosequencing	  	  
Bisulfite	   modification	   of	   DNA	   was	   performed	   with	   the	   EZ	   DNA	   Methylation-­‐Gold	   kit	   (Zymo	  
Research)	  following	  the	  manufacturer's	  instructions.	  The	  set	  of	  primers	  for	  PCR	  amplification	  and	  
sequencing	  were	  designed	  using	  the	  specific	  software	  PyroMark	  assay	  design	  (version	  2.0.01.15).	  
Primer	   sequences	   were	   designed	   to	   hybridize	   with	   CpG	   free	   sites	   to	   ensure	   methylation-­‐
independent	  amplification	  (Table	  3.7).	  PCRs	  were	  performed	  with	  primers	  biotinylated	  to	  convert	  
the	   PCR	   product	   to	   single-­‐stranded	   DNA	   templates	   using	   the	   Vacuum	   Prep	   Tool.	   After	   PCR	  
amplification,	   pyrosequencing	   reactions	   and	   methylation	   quantification	   were	   performed	   using	  
PyroMark	   Q24	   reagents,	   equipment	   and	   software	   according	   to	   manufacturer’s	   instructions	  
(Qiagen).	  
3.8.	  Cell	  culture	  
PC12	  cells	   (provided	  by	  Marcos	  Malumbres,	  CNIO,	  Madrid,	  Spain)	  were	  cultured	   in	  a	  humidified	  
5%	  CO2	  atmosphere	  at	  378C	  in	  a	  complete	  medium,	  DMEM	  supplemented	  with	  5%	  horse	  serum	  
Table	  3.7.	  Bisulfite	  pyrosequencing	  primer	  sequences	   	  
Oligo	  Name	   Sequence	  (5'-­‐>3')	   Syna	  Scale	   Purification	  
Pyro-­‐CYFIP2_cg00986320-­‐F1	   GGGTTGGAGAGTTTTATTTAAATTAGA
TGT	  
0.025	   desalt	  
BIO-­‐Pyro-­‐CYFIP2_cg00986320-­‐R1	   [Btn]AACCCCTAAAACCAACAATAAT	   0.5	   HPLC	  
Pyro-­‐CYFIP2_cg00986320-­‐seq	   AGTTGAATGAGATGATGA	   0.025	   desalt	  
BIO-­‐Pyro-­‐HDAC11_cg05446471-­‐F1	   [Btn]GTTAGTGGTGTTGGGTAATGGT	   0.5	   HPLC	  
Pyro-­‐HDAC11_cg05446471-­‐R1	   AATTAATCACTTTACCCCATTTTCC	   0.025	   desalt	  
Pyro-­‐HDAC11_cg05446471-­‐R1	   AATTAATCACTTTACCCCATTTTCC	   0.025	   desalt	  
Pyro-­‐HDAC11_cg05446471-­‐seq	   CATACTAATACAACTAAATTATATA	   0.5	   HPLC	  
Pyro-­‐RDBP_Cg06351503-­‐F1	   GGGTGTTTTTGGGTTTGTAG	   0.025	   desalt	  
BIO-­‐Pyro-­‐RDBP_Cg06351503-­‐R1	   [Btn]ATCCCCAACCTAACTACCT	   0.5	   HPLC	  
Pyro-­‐RDBP_Cg06351503-­‐seq	   TTTTGGGTTTGTAGGT	   0.025	   desalt	  
a)	  Synthesis	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(Sigma)	   and	   10%	   bovine	   calf	   serum	   (Sigma).	   To	   assess	   differentiation,	   cells	   were	   grown	   in	   a	  
differentiating	  medium,	  DMEM	  supplemented	  with	  0.5%	  horse	  serum	  and	  1%	  bovine	  calf	  serum.	  	  
For	  stimulation,	  PC12	  cells	  were	  plated	  on	  poly-­‐L-­‐lysine	  coated	  96-­‐well	  plates	  (0.5x104	  cells/well)	  
in	   the	   complete	   medium	   for	   24	   h	   prior	   cotransfection	   and,	   after	   12h,	   treated	   with	   the	  
differentiating	   medium	   in	   the	   presence	   of	   low-­‐dose	   NGF	   (10	   ng/ml;	   Sigma).	   For	   negative	  
(undifferentiated)	  and	  positive	  (differentiating)	  controls,	  we	  used	  PC12	  cells	  transfected	  with	  miR-­‐
cel-­‐67	  in	  the	  absence	  and	  presence	  of	  NGF	  respectively.	  	  
3.8.1.	  miRNA	  mimics	  &	  transfections	  	  
Twenty-­‐four	  hours	  after	  plating,	  cells	  were	  cotransfected	  with	  miRNA	  mimics	  (Exiqon)	  and	  p3GFP-­‐
1	   using	   Lipofectamine	   2000	   transfection	   reagent	   according	   to	   the	   manufacturer’s	   instructions	  
(Life	   Technologies).	   The	   p3GFP-­‐1	   green	   fluorescent	   protein	   reporter	   was	   used	   to	   indicate	  
positively	  transfected	  cells.	  Caenorhabditis	  elegans	  cel-­‐miR-­‐67	  mimic	  does	  not	  target	  any	  gene	  in	  
human	  and	   rat	  and	  was	  used	   for	  control	   transfections.	  The	   final	   concentration	  of	  miRNA	  mimic	  
and	  p3GFP-­‐1	  used	  for	  cotransfections	  was	  30	  nM	  and	  0.2	  ng/ml	  respectively.	  Three	  independent	  
experiments	  were	  performed	  and	  experimental	  conditions	  carried	  out	  in	  triplicate.	  	  
3.8.2.	  Quantitative	  analysis	  of	  cellular	  morphology	  &	  differentiation	  	  
PC12	  cells	  (0.5!104	  cells/well)	  were	  fixed	  with	  4%	  formalin	  solution	  (Merck	  KLaA)	  for	  10	  min.	  Cells	  
were	  washed	  with	  PBS	  and	  incubated	  with	  0.2	  mg/ml	  DAPI	  (Life	  Technologies)	  and	  CellMask:PBS	  
(1:3;	  Life	  Technologies)	  for	  40	  min	  at	  room	  temperature	  and	  then	  washed	  with	  PBS.	  Images	  were	  
captured	  in	  a	  laser	  scanning	  confocal	  TCS-­‐SP2	  (Leica	  Microsystems,	  Wetzlar,	  Germany)	  using	  LCS	  
acquisition	   software	   (v2.61,	   Leica	   Microsystems)	   and	   magnification	   was	   63X	   oil	   immersion	  
objective	  with	  1.4	  NA.	  	  
Using	  the	  CellMask	  signal	  as	  the	  cell	  image,	  the	  DAPI	  signal	  as	  the	  nuclear	  image,	  and	  GFP	  signal	  
as	  the	  neuronal	  cell	  image	  to	  discriminate	  transfected	  cells,	  cellular	  morphology	  was	  assessed	  by	  
the	  Defeniens	  Developer	  XD	  Software	  (v2.0;	  Munich,	  Germany).	  Only	  GFP-­‐positive	  PC12	  cells	  were	  
considered	  for	  subsequent	  analysis.	  Cellular	  morphology	  was	  quantified	  using	  three	  parameters:	  
length	  (mm),	  border	  length	  (mm),	  and	  roundness	  (unitless	  values	  0–N;	  more	  round	  (0)/less	  round	  
(N)).	  	  
NGF-­‐negative	   and	   -­‐positive	   controls	   were	   used	   to	   define	   neuron-­‐like	   differentiation	   using	   the	  
above	  Defeniens	  parameters.	  The	  NGF-­‐negative	  group	  represented	  cells	  with	  a	  less	  differentiated	  
phenotype,	  more	  round	  with	  few	  projections,	  and	  lower	  values	  for	  cellular	  length,	  boarder	  length,	  
and	   roundness.	   On	   the	   other	   hand,	   cells	   in	   the	   NGF-­‐positive	   group	   displayed	   a	   neuronal-­‐like	  
differentiated	  phenotype,	  with	  neurite	   elongation	   and	  higher	   values	   for	   these	  parameters.	   This	  
way	  we	  were	  able	   to	   assess	   the	   level	  of	   differentiation	  of	   cells	   in	   the	  miR-­‐183-­‐	   and/or	  miR-­‐96-­‐
transfected	  groups.	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3.9.	  Bioinformatics	  analyses	  
Numerous	   bioinformatics	   analyses	  were	   performed	   throughout	   this	   thesis.	   Earlier	   studies	  were	  
performed	   basic	   tools	   with	   a	   user-­‐friendly	   interface,	   but	   as	   my	   abilities	   increased	   during	   the	  
execution	  of	  this	  thesis,	  I	  employ	  more	  complex	  bioinformatics	  techniques.	  In	  general,	  mRNA	  and	  
miRNA	  expression	  data	  were	  handled	  in	  a	  similar	  fashion.	  First,	  expression	  data	  were	  normalized	  
to	  produce	  an	  expression	  matrix,	  called	  an	  "Eset."	  DNA	  methylation	  data	  was	  also	  compiled	  and	  
processed	  to	  obtain	  a	  similar	  matrix	  containing	  DNA	  methylation	  levels	  represented	  as	  "Beta	  (β)-­‐
values."	  	  
A	  general	  question	   faced	  by	  biologist	  and	  statisticians	   is	  how	  to	  organize	  the	  observed	  genomic	  
data	   into	   meaningful	   structures.	   Unsupervised	   analyses	   have	   been	   widely	   explored	   for	   this	  
purpose;	  that	  is	  to	  cluster	  biological	  objects	  sharing	  common	  characteristics	  into	  discrete	  groups.	  
Such	   analyses	   allow	   us	   develop	   an	   integrated	   understanding	   of	   underlying	   biology.	   In	   general	  
cluster	  methods	   can	  be	  divided	   in	   to	   two	   categories.	   The	   hierarchical	  methods	  produce	  nested	  
clusters,	  while	  non-­‐hierarchical	  methods,	  such	  as	  K-­‐means	  clustering,	  divide	  a	  dataset	  of	  N	  objects	  
into	   M	   clusters.	   For	   example,	   unsupervised	   hierarchical	   analysis	   of	   mRNA	   expression	   was	  
previously	   shown	   capable	   of	   separating	   tumors	   according	   to	   genetic	   background	   102,	   while	   K-­‐
means	   clustering	   can	   be	   used	   to	   verify	   cluster	   membership	   specified	   by	   hierarchical	   cluster	  
analysis.	  
Supervised	  analysis	   generally	   follows	  unsupervised	  analyses	   to	   identify	  expression	   signatures	  or	  
methylation	   patterns	   associated	   with	   some	   experimental	   group.	   For	   high-­‐throughput	   data	  
(miRNA,	  mRNA,	  and	  DNA	  methylation),	  supervised	  analyses	  were	  performed	  using	  linear	  models	  
for	  microarray	   data,	   or	   limma.	   Due	   to	   the	   large	   number	   of	   comparisons	   being	   performed,	   the	  
calculated	   p-­‐values	   must	   be	   corrected	   for	   multiple	   testing.	   For	   example,	   we	   accept	   a	   p-­‐value	  
<0.05	  as	  significant,	  which	  means	  that	  for	  any	  given	  observation,	  the	  result	  will	  occur	  by	  random	  
chance	   in	   5%	   of	   cases.	   Thus,	   if	   we	   perform	   a	   supervised	   analysis	   with	   10,000	   probes,	   then	  
approximately	  500	  probes	  will	  be	   identified	  as	   significant	  when	  no	   real	  association	  exists.	  Thus,	  
for	   these	   comparisons	   we	   use	   a	   calculated	   "false	   discover	   rate"	   (FDR)	   to	   assess	   significance	  
(Benjamini	  &	  Hochberg	  method	  to	  correct	  for	  multiple	  testing).	  
In	   bioinformatics	   analyses,	   we	   frequently	   want	   to	   known	   the	   biological	   consequence	  
corresponding	  to	  a	  given	  signature	  or	  experimental	  condition.	  Pathway	  analysis	  can	  be	  performed	  
with	  a	  variety	  ways	  with	  numerous	  algorithms	   to	   infer	  biological	  meaning.	  These	  are	  extremely	  
useful	  when	  we	  want	  to	  formulate	  a	  hypothesis	  for	  functional	  assays.	  
Other	  bioinformatics	   techniques	  were	  also	  employed	  during	   this	   thesis.	  These	   techniques	   range	  
from	  integration	  to	  analysis	  of	  SNP-­‐array	  data	  with	  the	  ASCAT	  algorithm,	  and	  are	  detailed	  below.	  
Explanations	   of	   data	   interpretation	   are	   provided	   in	   their	   corresponding	   sections	   in	   Results	   and	  
Discussion.	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3.9.1.	  Analysis	  of	  mRNA	  and	  miRNA	  microarray	  data	  
The	  exported	  data	  files,	  obtained	  from	  feature	  extract	  software,	  were	  read	  into	  R	  using	  the	  Limma	  
package,	  and	  the	  processed	  miRNA	  signal	  was	  obtained	  with	  the	  AgiMicroRNA	  package	  applying	  
the	   RMA	   algorithm	   to	   obtain	   the	   normalized	   dataset	   162,163.	  MicroRNAs	   not	   expressed	   in	  more	  
than	  75%	  of	  the	  samples	  in	  each	  class	  were	  filtered.	  Data	  were	  further	  processed	  by	  filtering	  out	  
flat	  patterns,	   and	  all	   subsequent	  analyses	  were	  performed	  using	  only	  miRNAs	   that	  passed	  both	  
filters.	  
For	   data	  obtained	   from	  gene	  expression	  omnibus	   (GEO),	   the	  provided	  expression	  profiles	  were	  
already	  normalized	  as	  submitted	  by	  the	  author.	  Although	  normalized	  data	  was	  provided,	  raw	  data	  
files	  were	  also	  available	  to	  perform	  customized	  analyses.	  
3.9.1.1.	  Unsupervised	  analysis	  	   	  
For	  miRNA	  expression	  profiling	  studies,	  unsupervised	  hierarchical	  cluster	  analysis	  was	  performed	  
with	  only	  miRNAs	  with	  significant	  expression	  (one-­‐way	  ANOVA,	  false	  discovery	  rate	  (FDR)	  <0.002)	  
in	   order	   to	   increase	   specificity.	   Unsupervised	   hierarchical	   cluster	   analysis	   was	   performed	   using	  
GeneCluster	   3.0	   and	   viewed	   in	   a	   visualizer	   that	   displays	   cluster	   profiles	   and	   relevant	   cluster	  
member	   information	   164.	   GeneCluster	   3.0	   permitted	   us	   to	   perform	   Bi-­‐clustering,	   which	  
simultaneously	  clusters	  both	  probes	  and	  arrays	  to	  group	  samples	  into	  clusters.	  
3.9.1.2.	  Supervised	  analysis	  and	  miRNA	  marker	  selection	  	  
Differential	   expression	   of	   miRNAs	   was	   computed	   vs.	   nAM	   samples	   independently	   for	   each	  
experimental	  groups	  by	  non-­‐permutation	   t-­‐test	  analysis	  with	   limma	  Pomelo	   II	  web	  tool	   165.	  This	  
way,	  we	  were	  able	  to	  identify	  the	  miRNA	  signature	  associated	  with	  PPGL	  experimental	  groups.	  As	  
nAM	  was	   included	  as	  a	  calibrator,	   its	  effect	  cancels	  out	  when	  comparing	  between	  experimental	  
groups.	   To	   facilitate	   the	   identification	   of	   specific	   miRNAs	   related	   to	   the	   genetic	   background,	  
sporadic	  tumors	  were	   initially	  considered	  to	   identify	  miRNAs	  common	  among	  all	  PPGLs,	  but	  not	  
taken	   into	   account	   thereafter,	   as	   they	   are	   genetically	   undefined.	   For	   each	   comparison	   (genetic	  
group	  vs.	  nAM),	  only	  miRNAs	  with	  an	  FDR<0.05	  and	  a	  fold	  change	  (log2)	  ≥±1.3	  were	  considered	  
significantly	  differentially	  expressed.	  By	  submitting	  these	  lists	  of	  miRNAs	  to	  Venn	  diagram	  analysis	  
(VENNY,	  http://bioinfogp.cnb.csic.es/	   tools/venny/index.html),	  we	   identified	  miRNAs	   specific	   to,	  
as	  well	  as	  those	  common	  among	  all,	  genetic	  groups	  of	  PPGLs.	  In	  addition	  to	  the	  above	  criteria,	  we	  
considered	   reported	   biological	   functions,	   when	   available,	   in	   the	   final	   selection	   of	   candidate	  
miRNAs	  for	  validation.	  	  
3.9.1.3.	  Integration	  of	  mRNA	  and	  miRNA	  expression	  profiles	  
Using	  matched	  transcriptomic	  (mRNA)	  data	  available	  from	  the	  same	  tumors	  102,	   integration	  with	  
miRNA	   profiles	   was	   performed	   using	   the	  MiRNA	   And	   Genes	   Integrative	   Analysis	   (MAGIA)	   web	  
tool,	  for	  each	  sample	  in	  a	  given	  experimental	  group	  166.	  First,	  this	  integration	  analysis	  was	  applied	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to	  all	  PPGLs	  regardless	  of	  genetic	  background	  and	  nAMs	  and	  then	  to	  each	  genetic	  group,	  filtering	  
those	  miRNAs	  common	  among	  all	  PPGLs	  (FDR	  <0.05).	  The	  log2-­‐transformed	  mRNA	  data	  contained	  
19,620	  genes.	  The	  miRNA	  target	  prediction	  algorithm	  TargetScan	  5.0	  (www.	  targetscan.com)	  was	  
employed	  for	  all	  analyses.	  	  
MAGIA	   integration	   identified	  miRNA–mRNA	   gene	   pairs	   with	   a	   significant	   positive	   and	   negative	  
correlation	   (FDR	  <0.25),	  and	   Ingenuity	  Pathway	  Analysis	   (IPA,	   Ingenuity	  Systems,	  Redwood	  City,	  
CA,	  USA)	  was	  employed	  to	  assign	  biological	   functions	   to	   the	  putative	   target	  mRNAs.	   IPA	  output	  
was	  ranked	  by	  statistical	  significance	  and	  focused	  on	  canonical	  pathway	  gene	  sets.	  	  
3.9.2.	  Proteomic	  data	  analysis	  
Proteomic	   analyses	   were	   performed	   on	   four	   tumors	   (SDHB_3,	   SDHB_9,	   MAX_1,	   and	   MAX_3),	  
which	   were	   also	   included	   in	   the	  miRNA	   profiling	   study.	   First	   proteomic	   data	   were	   normalized,	  
then	  a	  series	  of	  unsupervised	  and	  supervised	  analyses	  were	  performed.	  Finally,	  proteomic	  profiles	  
were	  integrated	  with	  corresponding	  with	  mRNA	  and	  miRNA	  expression	  data.	  	  
After	   performing	   the	   corresponding	   proteomic	   assay	   described	   above,	   raw	   files	   were	   analyzed	  
either	  by	  MaxQuant	  (version	  1.3.0.3)	  (NCBI	  Human	  database,	  73579	  entries,	  08/16/2011	  release),	  
oxidation	   of	   methionines	   was	   set	   as	   variable	   modification	   whereas	   carbamidomethylation	   of	  
cysteines	   as	   fixed	  modification	   in	   the	   Andromeda	   search	   engine	   155,167.	  Minimal	   peptide	   length	  
was	   set	   to	   6	   amino	   acids	   and	   a	  maximum	   of	   two	  missed-­‐cleavages	   were	   allowed.	   For	   protein	  
identification,	   at	   least	   two	   unique	   peptides	   with	   a	   FDR	   =	   0.01	  were	   required.	  When	   identified	  
peptides	  could	  originate	  from	  two	  or	  more	  proteins	  (homologs	  or	  isoforms),	  MaxQuant	  reported	  
these	  peptides	  as	  a	  protein	  group.	  	  
Each	   sample	  was	   run	   in	   triplicate.	   Label-­‐free	   analysis	  was	   performed	  with	  MaxQuant	   using	   the	  
LFQ	   values	   determined	   by	   the	   software	   156.	   Further	   analysis	   was	   done	   with	   Perseus	   software	  
(version	   1.3.0.3).	   	   The	   changes	   in	   protein	   abundance	   between	   the	   different	   samples	   were	  
measured	  via	  a	  direct	  comparison	  of	  the	  LFQ	  intensities.	  	  
An	  unsupervised	  hierarchical	  clustering	  was	  used	  to	  assess	  the	  similarity	  of	  the	  different	  analyses.	  
Moreover,	   significantly	   regulated	  proteins	  between	   the	   two	   tumor	   classes	   (i.e.	  MAX	   and	  SDHB)	  
were	   assessed	   by	   ANOVA	   (significance	   threshold	   was	   set	   at	   p-­‐value<0.05).	   Proteomic	   profiles	  
were	   integrated	  with	  matched	  mRNA	  and	  miRNA	  expression	  data,	  and	  correlation	  was	  assessed	  
by	  calculating	  the	  Pearson	  correlation	  coefficient,	  "r"	  for	  each	   interaction.	  Ranging	  from	  -­‐1	  to	  1,	  
positive	   Pearson	   correlation	   coefficient	   (zero	   to	   1)	   indicates	   a	   positively	   correlated	   interaction	  
with	  a	  value	  of	  1	  meaning	  perfect	  correlation.	  On	  the	  other	  hand,	  a	  negative	  coefficient	  value	  (-­‐1	  
to	   zero)	   indicates	   a	  negatively	   correlated	   interaction,	   a	   coefficient	   value	  of	   -­‐1	   corresponds	   to	   a	  
perfect	  negative	  correlation.	  
Protein	  classification	  (molecular	  function,	  biological	  process	  and	  protein	  class)	  was	  performed	  by	  
PANTHER	  software,	  using	  the	  entire	  list	  of	  identified	  proteins	  as	  the	  reference	  data	  set.	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3.9.3.	  SNP-­Array	  Data	  
High-­‐density	  SNP-­‐array	  genotyping	  data	  can	  be	  used	  to	  analyze	  chromosomal	  alterations.	  Among	  
the	  several	  methods	  available,	  we	  chose	  to	  use	  the	  ASCAT	  (allele-­‐specific	  copy-­‐number	  analysis	  of	  
tumors)	   algorithm	   for	   several	   reasons.	   For	   instance,	   the	   ASCAT	   algorithm	   was	   an	   "R"	   based	  
package	   (that	   I	   am	   familiar	   with),	   while	   other	   methods	   were	   executable	   in	   other	   informatic	  
environments.	  	  
Illumina	  SNP	  arrays	  deliver	  two	  output	  tracks.	  1)	  LOG	  R	  values	  provide	  a	  measure	  of	  total	  signal	  
intensity,	  while	  2)	  the	  BAF	  (B	  allele	  frequency)	  provides	  a	  measure	  of	  allelic	  contrast	  168.	  The	  LOG	  
R	  track	   is	  similar	  to	  the	  output	  commonly	  given	  by	  array-­‐CGH	  platforms	  and	  quantifies	  the	  total	  
copy	  number	  of	  each	  genomic	  locus.	  The	  BAF	  track	  shows	  the	  relative	  presence	  of	  each	  of	  the	  two	  
alternative	  nucleotides	  ("A"	  and	  "B")	  at	  each	  SNP	  locus	  profiled.	  The	  analysis	  of	  genotype	  profiles	  
were	  complicated	  by	  two	  phenomena:	   infiltration	  of	  nonaberrant	  cells	  and	  aneuploidy	  of	  tumor	  
cells.	  From	  LOG	  R	  and	  BAF	  tracks,	  ASCAT	  estimates	  the	  average	  ploidy	  and	  aberrant	  cell	  fraction	  
for	  each	  sample.	  BAF	  and	  LOG	  R	  data	  were	  preprocessed	  by	  a	  specifically	  designed	  segmentation	  
and	   filtering	   algorithm,	   called	   Allele-­‐Specific	   Piecewise	   Constant	   Fitting	   (ASPCF),	   to	   reduce	   the	  
effect	  of	  noise	  in	  input	  data.	  	  These	  ASPCF-­‐smoothed	  data	  are	  subsequently	  used	  as	  input	  for	  the	  
ASCAT	  algorithm	  to	  estimate	  the	  tumor	  ploidy	  and	  aberrant	  cell	  fraction,	  as	  well	  as	  the	  absolute	  
allele-­‐specific	  copy	  number.	  
Once	   ASCAT	   profiles	   had	   been	   generated	   for	   all	   samples,	   we	   searched	   for	   chromosomal	  
alterations	   common	   to	  each	  genetic	   group	  of	  PPGL,	   and	   then	   these	  alterations	  were	   compared	  
between	  groups	  to	  identify	  common,	  as	  well	  as	  group-­‐specific	  chromosomal	  events.	  
3.9.4.	  Illumina	  Infinium®	  Methylation	  Assay	  data	  processing	  
The	  Genome	  Studio	  Methylation	  Module	  was	  used	  to	  assign	  methylation	  beta-­‐values	  to	  each	  CpG	  
site.	   The	   Beta-­‐value	   is	   defined	   as	   the	   ratio	   between	   the	   methylated	   probe	   intensity	   and	   the	  
overall	   intensity	   (sum	  of	  methylated	   and	   unmethylated	   probe	   intensities)	   169.	   Beta-­‐values	  were	  
quantile	  normalized	  using	  the	  "lumi"	  package	  170.	  
For	  statistical	  purposes,	  Beta-­‐values	  were	  converted	  to	  M-­‐values	  using	  the	  Lumi	  package	  170.	  M-­‐
values	  are	  defined	  as	   log2	   (methylated	  probe	   intensity/unmethylated	  probe	   intensity).	  Negative	  
M-­‐values	   indicate	   less	   than	   50%	   methylation	   and	   positive	   M-­‐values	   indicate	   more	   than	   50%	  
methylation	  171.	  M-­‐value	  conversion	  corrects	  for	  the	  heteroskedasticity	  observed	  for	  beta-­‐values,	  
producing	  a	  homoskedastic	  distribution	  that	  is	  more	  appropriate	  for	  statistical	  analysis.	  	  Thus,	  M-­‐
values	  were	  used	  for	  statistical	  analysis,	  while	  beta-­‐values	  were	  used	  for	  biological	  interpretation.	  
3.9.4.1.	  Unsupervised	  analyses	   	  
All	   unsupervised	   analyses	   were	   performed	   using	   "R".	   The	   top	   500	   probes	   with	   the	   highest	  
variance	  across	  all	  samples	  we	  used	  for	  unsupervised	  analysis.	  Unsupervised	  analysis	  was	  carried	  
MATERIALS & METHODS 
	  
GENOMIC & GENETIC DISSECTION OF PPGL 
41	  
out	  using	  the	  "amap"	  package	  to	  calculate	  the	  Pearson's	  distance,	  and	  the	  "cluster"	  package	  for	  
hierarchical	   clustering.	   The	   "ConsensusClusterPlus"	   package	   was	   used	   for	   consensus	   cluster	  
analysis	   172.	   Dendrographs	   were	   represented	   as	   circular	   phylogenetic	   trees	   with	   a	   heatmap	  
showing	  the	  top	  10	  CpGs	  using	  the	  "circlize"	  package	  173.	  	  	  
3.9.4.2.	  Supervised	  analyses	  
All	  supervised	  analyses	  were	  performed	  using	  the	  "limma"	  package,	  and	  p-­‐values	  were	  adjusted	  
for	  multiple	  testing	  using	  the	  Benjamini	  &	  Hochberg	  method,	  or	  false	  discovery	  rate	  (FDR)	  162.	  We	  
considered	  only	  those	  CpGs	  with	  FDR<0.10	  and	  Δβ>	  |0.2|	  as	  significantly	  methylated,	  and	  were	  
used	   in	   subsequent	   analysis.	   Supervised	   analyses	   were	   limited	   to	   experimental	   groups	   with	   at	  
least	  three	  samples.	  
To	   identify	   DNA	   methylation	   patterns	   associated	   with	   the	   different	   PPGL	   genotypes,	   we	  
performed	   a	   series	   of	   supervised	   analyses	  with	  SDHB,	  VHL,	  EPAS1,	  RET,	  NF1,	   and	  MAX	  mutant	  
tumors.	  Comparisons	  between	  the	  different	  PPGL	  genetic	  groups	  were	  performed	  always	  relative	  
to	  the	  SDHB-­‐related	  experimental	  group	  so	  that	   inter	  experimental	  group	  comparisons	  could	  be	  
readily	  performed.	  	  
3.9.4.3.	  Malignancy-­associated	  CpGs	  
The	   following	   procedure	   was	   used	   to	   identify	   and	   validate	   malignancy-­‐associated	   CpGs.	   First,	  
candidate	   malignancy-­‐associated	   CpGs	   were	   identified	   with	   DS.	   To	   distill	   our	   selection	   of	  
malignancy	   associated	   CpGs,	  we	   assessed	  DNA	  methylation	   patterns	   of	   the	   above	   CpGs	   in	   VS1	  
tumors	  for	  replication.	  Using	  those	  successfully	  replicated	  CpGs,	  we	  further	  refined	  our	  selection	  
by	   applying	   one	   final	   criteria:	   the	   epigenetic	   alteration	  must	   be	   present	   in	   at	   least	   50%	   of	   the	  
malignant	  PPGLs.	  SDHB-­‐related	  PPGLs	  have	  a	  high	   risk	  of	  malignancy	  and	  have	  been	  previously	  
shown	   to	   have	   a	   hypermethylator	   phenotype,	   previously	   defined	   by	   a	   signature	   of	   298	  
hypermethylated	   CpGs	   66.	   Thus,	   we	   further	   filtered	   the	   data	   for	   these	   probes.	   Those	   CpGs	  
meeting	  all	  the	  above	  criteria	  were	  considered	  as	  PPGL	  malignancy-­‐associated	  CpGs.	  	  
3.9.4.4.	  Survival	  Analyses	   	  
To	   determine	   the	   potential	   impact	   of	   DNA	   methylation	   on	   progression-­‐free	   survival	   (PFS),	   we	  
performed	  a	  Cox	  regression	  at	   individual	  CpG	  data	  as	  continuous	  variables.	   	  PSF	  was	  defined	  as	  
the	  time	  between	  initial	  diagnosis	  and	  appearance	  of	  metastasis	  or	  death	  by	  disease.	  As	  both	  DS	  
and	  VS1	  data	  was	  generated	  using	  the	  same	  platform,	  we	  pooled	  the	  two	  series	  to	  form	  a	  large	  
series	  of	  218	  tumors	  with	  36	  malignant	  events	  to	  obtain	  a	  global	  perspective	  of	  these	  candidate	  
prognostic	  markers,	  as	  well	  as	  increase	  our	  statistical	  potency.	  The	  final	  Cox	  Proportional-­‐Hazards	  
model	  was	   adjusted	   for	   SDHB	  mutation	   and	   series	   origin	   of	   tumors.	   In	   addition,	   p-­‐values	  were	  
corrected	  for	  multiple	  testing	  with	  the	  Benjamini	  &	  Hochberg	  method	  using	  all	  probes	  included	  in	  
this	  study	  (n=26457).	  Kaplan-­‐Meier	  curves	  and	  Cox	  regression	  analyses	  were	  generated	  using	  the	  
"survival"	  package.	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3.9.4.5.	  Other	  Bioinformatics	  methods	  for	  DNA	  methylation	  Venn	   diagram	   analyses	   were	   performed	   with	   the	   "Vennerable"	   package	  (http://vennerable.sourceforge.net/),	   and	   circos	   plots	   were	   generated	   using	   the	   "circlize"	  package	   173.	   Pathway	   analysis	   was	   performed	   using	   the	   PantherDB	   classification	   system	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RESULTS 
In	   continuation,	   results	   obtained	   during	   the	   course	   of	   this	   thesis,	   from	   November	   2009	   until	  
August	   2014.	   In	   total,	   four	   different	   studies	   have	   been	   performed,	   implementing	   various	  
techniques,	  including	  miRNA,	  mRNA,	  SNP,	  and	  methylation	  profiling,	  among	  others,	  as	  described	  
in	  Materials	  and	  Methods.	  In	  summary:	  
	  
The	   first	   study	   focused	  on	   the	  microRNA	  expression	  profiling	   in	  PPGLs.	  The	  PPGL	  miRnome	  was	  
extensively	   characterized	   to	   identify	   genotype	   specific	   miRNA	   signatures.	   Finally,	   miRNA	  
expression	  profiles	  were	  validated	  by	  RT-­‐qPCR	  in	  an	  independent	  series	  of	  PPGL.	  
	  
In	   the	   second	   study	   biological	   consequences	   of	   deregulated	   miRNA	   expression	   in	   PPGL	   were	  
explored	  through	  integration	  with	  matched	  mRNA	  expression	  data	  102.	  These	  analyses	  suggested	  
potential	   implications	   in	  neuroendocrine-­‐like	  differentiation.	  Functional	  studies	  performed	  in	  rat	  
pheochromocytoma	   (PC12)	   cells	   showed	   miR-­‐183	   and/or	   miR-­‐96	   impeded	   NGF-­‐induced	  
differentiation.	   Proteomic	   studies	   suggested	   that	   miRNA-­‐mediated	   regulation	   occurs	   at	   the	  
transcriptional	  level.	  
	  
The	  third	  study	  investigated	  chromosomal	  alterations	  in	  PPGL	  using	  high-­‐density	  SNP	  genotyping	  
to	   calculate	   the	   "ASCAT	   (allele-­‐specific	   copy	   number	   analysis	   of	   tumors)	   profiles".	   Here,	  
chromosomal	  alterations	  are	  described	  for	  recently	  described	  PPGL	  genetic	  groups,	  EPAS1,	  MAX,	  
TMEM127,	  and	  HRAS	  mutants,	  as	  well	  as	  for	  VHL,	  SDHD,	  SDHB,	  RET,	  and	  NF1	  tumors.	  
	  
The	   fourth	   and	   final	   study	   explored	  DNA	  methylation	   in	   a	   large	   discovery	   series	   (DS)	   of	   PPGLs,	  
which	  was	  enriched	  with	  malignant	  tumors.	  We	  were	  able	  to	   identify	  DNA	  methylation	  patterns	  
associated	   with	   PPGL	   malignancy.	   Using	   DNA	   methylation	   profiling	   data	   from	   an	   independent	  
validation	   series	   (VS1)	   of	   PPGLs,	   we	   validated	   52	   malignancy	   associated	   CpGs.	   In	   another	  
independent	  validation	  series	   (VS2)	  of	  FFPE	  samples,	  we	  validated	  hypermethylation	  of	  RDBP	   in	  
malignant	   PPGLs	   by	  pyrosequencing.	   Finally,	   bioinformatics	   analyses	  were	   employed	   to	   explore	  
possible	   biological	   consequences	   of	   confirmed	   malignancy-­‐associated	   CpGs,	   as	   well	   as	   those	  
produced	  by	  RDBP	  knockdown.	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4.1.	  Part	  1.	  MicroRNA	  expression	  profiling	  in	  PPGL	  
Although	  nearly	  three	  decades	  of	  comprehensive	  study	  of	  the	  clinical	  features	  associated	  with	  the	  
known	  PPGLs	  genes	  has	   improved	  patient	  care	  and	  genetic	  counseling,	  we	  still	  don't	  completely	  
understand	   the	   molecular	   mechanisms	   behind	   the	   development	   of	   these	   tumors.	   Thus,	   the	  
application	  of	  high-­‐throughput	  genomic	  technologies,	  such	  as	  transcriptomic	  profiling,	  is	  essential	  
to	   further	  understand	  the	  underlying	  biology	  of	   these	   tumors.	   In	   fact,	   several	  mRNA	  expression	  
profiling	   studies	   have	   established	   two	  main	   PPGL	  molecular	   subtypes:	   one	   is	   associated	  with	   a	  
pseudohypoxic	  gene	  signature	  and	  the	  other	  with	  activated	  kinase	  signaling	  pathways.	  Although	  
some	  clues	  about	  PPGL	  biology	  have	  been	  elucidated	  by	  these	  studies,	  a	  more	  complete	  picture	  
of	   the	  gene	  expression	   regulation	   is	   required	   to	  better	  understand	   the	  mechanisms	   involved	   in	  
PPGL	  development.	  	  
In	   2009,	   small	   non-­‐coding	   microRNAs	   (miRNAs)	   had	   not	   been	   fully	   characterized	   in	   PPGL.	  
Therefore,	  the	  first	  objective	  of	  this	  thesis	  project	  was	  to	  characterize	  miRNA	  expression	  in	  these	  
tumors,	   as	   well	   as	   identify	   genotype-­‐specific	   miRNAs.	   Finally,	   we	   selected	   and	   validated	   eight	  
miRNAs	  common	  among,	  as	  well	  as	  specific	  to	  PPGL	  genetic	  groups.	  
4.1.1.	  PPGL	  microRNA	  profiles	  
MicroRNA	   profiles	   were	   obtained	   for	   63	   PPGLs	   and	   6	   normal	   adrenal	   medullas	   (nAMs).	   After	  
normalizing	  and	  preprocessing	   the	  profiling	  data,	  we	  obtained	  expression	   levels	   for	  723	  and	  76	  
mature	   human	   and	   viral	   miRNAs,	   respectively.	   Viral	   miRNAs	   were	   omitted	   from	   subsequent	  
analysis.	  A	  full	  listing	  of	  the	  miRNA	  microarray	  data	  has	  been	  deposited	  in	  the	  National	  Center	  for	  
Biotechnology	  Information	  GEO	  database	  under	  the	  accession	  number	  GSE29742.	  	  
4.1.2.	  Unsupervised	  analysis	  
Unsupervised	   hierarchical	   cluster	   analysis	   revealed	   great	   homogeneity	   among	   cases	   sharing	   an	  
alteration	   in	  the	  same	  gene	  (Figure	  4.1.1).	  Two	  main	  clusters	  were	   identified,	  mainly	  defined	  by	  
VHL/SDHx/nAM	   and	   RET/NF1/TMEM127/MAX	   specimen	   profiles,	   respectively.	   This	   cluster	  
behavior	  resembles	  those	  previously	  described	  with	  mRNA	  expression	  profiles	  showing	  two	  main	  
clusters:	  a	  "pseudohypoxic"	  branch	  containing	  VHL,	  SDHB,	  SDHC,	  and	  SDHD	  mutants	  and	  "cluster	  
2"	  characterized	  by	  RET-­‐,	  NF1-­‐,	  TMEM127-­‐,	   and	  MAX-­‐associated	  PPGLs.	  Of	   the	  63	  samples	  with	  
known	  mutation,	   only	   two	   from	   the	  RET/NF1/TMEM127/MAX-­‐related	   cluster	  were	   allocated	   to	  
the	  VHL/SDHx/nAM	  branch.	  	  
Both	  adrenal	  and	  extra-­‐adrenal	  tumors	  were	  represented	  in	  both	  clusters,	  whereas	  the	  head	  and	  
neck	  tumors	  were	  grouped	  within	  the	  VHL/SDHx/nAM	  branch.	  With	  the	  exception	  of	  two	  tumors	  
(SP_1	  and	  SP_10:	  abdominal	  and	  carotid	  PGLs	  respectively),	  the	  remaining	  sporadic	  PPGLs	  (two	  
abdominal	  and	  ten	  adrenal	  tumors)	  clustered	  within	  the	  RET/NF1/TMEM127/MAX	  branch.	  	  
RESULTS 
 




Figure	  4.1.1.	  Unsupervised	  analysis	  of	  PPGL	  miRNA	  profiles.	  Hierarchical	  clustering	  of	  PPGL	  
samples	  based	  on	  their	  miRNA	  expression	  profiles.	  Those	  93	  miRNAs	  with	  significant	  differences	  in	  
expression	  (ANOVA;	  FDR<0.002)	  were	  subjected	  to	  unsupervised	  hierarchical	  cluster	  analysis.	  Both	  
genes	  and	  samples	  were	  clustered	  by	  average	  linkage	  clustering	  method.	  Overexpression	  is	  shown	  
in	   red,	   whereas	   under-­‐expression	   is	   indicated	   in	   green.	   Blue	   dots	   indicate	  mis-­‐clustered	   samples	  
(MAX2	  and	  RET1).	  
RESULTS 
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The	  nAMs,	  also	  included	  in	  the	  unsupervised	  hierarchical	  cluster	  analysis,	  clustered	  together	  and	  
formed	  a	  separate	  subcluster,	   indicating	   that	   these	  samples	  have	  very	  similar	  miRNA	  signatures	  
and	  that	  this	  signature	  was	  different	  from	  those	  of	  tumor	  samples.	  It	  is	  known	  that	  obtaining	  nAM	  
without	   cortical	   contamination	   is	   extremely	   difficult.	   However,	   we	   used	   these	   nAMs	   available	  
solely	   as	   a	   calibrator	  because	   they	   resemble	  normal	   adrenal	   tissue	  more	   than	   commercial	   RNA	  
reference,	   and	   any	   effects	   related	   to	   possible	   cortical	   contamination	   would	   cancel	   out	   during	  
comparisons	  between	  experimental	  groups.	  
4.1.3.	  Supervised	  analyses	   	  
Owing	  to	  the	   limited	  number	  of	  malignant	  tumors	  (n=5)	   in	  our	  series,	  we	  could	  not	   identify	  any	  
differentially	  expressed	  miRNAs	  for	  the	  comparison	  between	  malignant	  and	  benign	  tumors	  (data	  
not	  shown).	  	  
MiRNA	   expression	  was	   independently	   compared	   between	   PPGL	   experimental	   groups	   and	   nAM	  
(FDR<0.05,	   n-­‐fold>|1.3|).	   Supervised	   analysis	   results	   of	   the	   miRNA	   expression	   data	   comparing	  
individual	   tumor	  classes	   to	  nAM	  are	   listed	   in	  Supplementary	  Table	  4.1.1.	   (see	  attached	  CD).	  We	  
found	  51	  miRNAs	  were	  significantly	  differentially	  expressed	  in	  VHL-­‐related	  tumors,	  54	  in	  SDHB,	  32	  
in	  SDHD,	  50	  in	  RET,	  35	  in	  NF1,	  60	  in	  TMEM127,	  64	  in	  MAX,	  and	  49	  in	  WT	  tumors	  compared	  with	  
nAM.	   Five	   miRNAs	   (miR-­‐193b,	   miR-­‐424,	   miR-­‐365,	   miR-­‐493*,	   and	   miR-­‐99a)	   were	   identified	   as	  
commonly	  deregulated	  among	  all	  PPGLs	  (Figure	  4.1.2,	  Supplementary	  Table	  4.1.1.).	  Interestingly,	  
miR-­‐193b	  and	  miR-­‐365	  map	  the	  same	  chromosomal	  region	  at	  16p13.12,	  which	  suggest	  that	  they	  
are	  transcribed	  as	  a	  long	  polycistronic	  transcript.	  	  
	  
Figure	  4.1.2.	  MicroRNAs	  specific	  to	  and	  common	  among	  PPGL	  genetic	  groups.	  Red	  arrows	  
pointing	   downward	   indicate	   down-­‐regulated	   miRNAs	   relative	   to	   nAM.	   Blue	   arrows	   pointing	   up	  
indicate	  over-­‐expressed	  miRNAs	  relative	  to	  nAM.	  All	  miRNAs	  shown	  had	  FDR<0.05	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Besides	   identifying	   miRNAs	   commonly	   deregulated,	   we	   determined	   group-­‐specific	   miRNA	  
markers:	  12	  for	  VHL,	  5	  for	  SDHB,	  6	  for	  SDHD,	  6	  for	  RET,	  1	  for	  NF1,	  10	  for	  TMEM127,	  and	  31	  for	  
MAX	   (Figure	   4.1.2.).	   Some	  miRNAs	  were	   deregulated	   in	   certain	   genetic	   groups	   of	   PPGLs.	  RET-­‐,	  
NF1-­‐,	  and	  TMEM127-­‐associated,	  as	  well	  as	  sporadic,	  tumors	  over-­‐expressed	  miR-­‐138	  and	  miR-­‐7,	  
while	   miR-­‐137	   and	   miR-­‐382	   were	   generally	   up-­‐regulated	   in	   almost	   all	   PPGLs	   with	   variable	  
expression	   between	   experimental	   groups.	   VHL-­‐	   and	   SDHB-­‐related	   tumors	   had	   specific	   up-­‐
regulation	  of	  miR-­‐210	  and	  miR-­‐483-­‐3p	  and	  down-­‐regulation	  of	  miR-­‐335.	  
Among	   these	   genotype-­‐specific	   miRNAs,	   we	   found	   two	   clusters	   of	   miRNAs	   deregulated	   as	   a	  
whole.	  For	  instance,	  a	  large	  number	  of	  significantly	  down-­‐regulated	  MAX-­‐specific	  miRNAs	  belong	  
to	  the	   large	  miRNA	  cluster	  at	  chromosome	  14q32.2	  (DLK-­‐MEG3	  locus),	  while	  SDHB-­‐specific	  miR-­‐
183	  and	  miR-­‐96	  mapped	  to	  7q32.2.	  	  
4.1.4.	  Validation	  of	  miRNA	  expression	  
Three	  miRNAs	  (miR-­‐137,	  miR-­‐382,	  and	  miR-­‐210)	  common	  among	  some	  PPGL	  experimental	  groups	  
and	   five	   group-­‐specific	   miRNAs	   (miR-­‐133b,	   miR-­‐183,	   miR-­‐488,	   miR-­‐885-­‐5p,	   and	   miR-­‐96)	   were	  
selected	   for	   validation.	   Upregulation	   of	   miR-­‐137	   was	   a	   common	   feature	   among	   experimental	  
groups	   with	   the	   exception	   of	  MAX-­‐related	   PPGLs.	   While	   significantly	   downregulated	   in	  MAX-­‐
related	  PPGLs,	  miR-­‐382	  was	  upregulated	  in	  nearly	  all	  tumors,	  but	  especially	  in	  VHL,	  SDHB,	  SDHD,	  
and	  RET	  mutant	   tumors,	   and	   therefore	   selected	   for	   validation.	  Upregulation	  of	  miRNA-­‐210	  was	  
unique	   to	  both	  SDHB-­‐	  and	  VHL-­‐related	   tumors	  and	  selected	   for	  validation	   to	  discriminate	  SDHB	  
and	  VHL	  mutants	  from	  the	  other	  experimental	  groups.	  Upregulation	  of	  miR-­‐133b	  was	  specific	  to	  
the	  VHL	  mutant	  group,	  while	  upregulation	  of	  miR-­‐488	  and	  miR-­‐885-­‐5p	  was	  specific	  to	  RET-­‐related	  
tumors.	   miR-­‐183	   and	   miR-­‐96	   were	   selected	   for	   validation,	   as	   their	   robust	   upregulation	   was	  
associated	   exclusively	   with	   SDHB-­‐related	   tumors.	   All	   the	   above	   miRNAs	   were	   confirmed	   in	   an	  
independent	   series	   (ANOVA,	   P>0.05;	   Figure	   4.1.3,	   which	   allowed	   for	   further	   analysis	   and	  
interpretation	  of	  miRNA	  profiling.	  
RESULTS 
	  






Figure	   4.1.3.	   RT-­‐qPCR	   validation	   of	   miRNA	   markers.	   RT-­‐qPCR	   results	   for	   candidate	   miRNA	  
markers.	  Samples	  arranged	   in	   following	  order:	   (1)	  normal	  adrenal	  medulla;	   (2)	  SDHB,	   (3)	  SDHD,	   (4)	  
RET,	  and	  (5)	  VHL	  mutant	  tumors.	  A)	  hsa-­‐miR-­‐137	  and	  B)	  hsa-­‐miR-­‐382	  were	  generally	  overexpressed	  
in	  PPGLs,	  except	  for	  in	  MAX	  tumors	  (not	  shown).	  C)	  hsa-­‐miR-­‐210	  was	  up-­‐regulated	  in	  VHL-­‐	  and	  SDHB-­‐
associated	  tumors.	  D)	  hsa-­‐miR-­‐133b	  was	  specific	  to	  VHL	  mutants.	  E)	  hsa-­‐miR-­‐183	  and	  	  F)	  hsa.miR-­‐96	  
were	   uniquely	   up-­‐regulated	   in	   SDHB-­‐related	   PPGLs.	   G)	   hsa-­‐miR-­‐488	   and	   H)	   hsa-­‐miR-­‐885-­‐5p	   were	  
overexpressed	   in	   RET	   tumors.	   All	   miRNA	   shown	   had	   P<0.05	   (ANOVA).	   *	   indicates	   mild	   outlier.	   #	  
indicates	  extreme	  outlier.	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4.2.	  Part	  2.	  Integration	  of	  miRNA-­mRNA	  expression	  profiles	  
Once	   we	   characterized	   miRNA	   expression	   in	   PPGL	   and	   validated	   in	   general,	   as	   well	   as	   group-­‐
specific	  miRNAs,	  we	   sought	   to	   elucidate	   possible	  miRNA-­‐regulated	   processes	   and	  pathways.	   To	  
accomplish	  this,	  first,	  miRNA	  expression	  profiles	  were	  integrated	  with	  matched	  mRNA	  expression	  
data,	   which	   were	   available	   from	   a	   previous	   study	   102.	   After	   identifying	   potential	   miRNA-­‐mRNA	  
interactions,	   we	   performed	   pathway	   analysis	   to	   determine	   biological	   consequences	   of	  
deregulated	   miRNA	   expression	   in	   these	   tumors	   (Figure	   4.2.1.).	   These	   bioinformatics	   analyses,	  
suggesting	   deregulated	   miRNAs	   in	   PPGL	   were	   implicated	   in	   neuronal/neuroendocrine-­‐like	  
differentiation,	  proved	  extremely	  useful	   to	   formulate	  novel	  hypotheses.	  As	   it	   is	  widely	  accepted	  
that	   PPGLs	   develop	   from	   immature	   sympathoadrenal	   precursors	   incapable	   of	   terminally	  
differentiating	   into	   mature	   chromaffin	   cells,	   we	   turned	   our	   focused	   on	   miR-­‐183	   and	   miR-­‐96,	  
which	   we	   previously	   validated	   as	   specific	   to	   SDHB	   tumors	   174.	   We	   cultivated	   PC12	  
pheochromocytoma	   cells	   with	   and	   without	   miR-­‐183	   and/or	   miR-­‐96	   transfection,	   and	   using	  
confocal	   microscopy,	   measured	   cellular	   morphology,	   specifically	   cell	   length,	   border	   length	  
(perimeter),	  and	  roundness,	  to	  assess	  the	  extent	  of	  differentiation	  in	  the	  presence	  of	  NGF.	  Finally,	  
we	   used	   label-­‐free	   proteomic	   analysis	   to	   obtain	   protein	   expression	   data	   for	   a	   set	   of	   4	   tumors.	  
Proteomic	   analyses	   permitted	   us	   to	   evaluate	   the	   validity	   of	  miRNA-­‐mRNA	   integrative	   analyses.	  
Proteomic	  analyses	  allowed	  us	  to	  explore	  the	  mode	  by	  which	  miRNAs	  exert	  their	  regulator	  effect,	  
through	  translational	  truncation	  or	  mRNA	  transcript	  cleavage.	  	  
4.2.1.	  Integration	  of	  miRNA	  and	  mRNA	  expression	  profiles	  
Potential	  negatively	  and	  positively	  correlated	  miRNA–mRNA	  interactions	  were	  predicted	  using	  the	  
MAGIA	   (miRNAs	   and	   genes	   integrated	   analysis)	   bioinformatics	   tool	   166.	   The	   actual	   number	   of	  
unique	  target	  genes	  was	  lower	  than	  the	  predicted	  miRNA–mRNA	  interactions	  as	  several	  genes	  can	  
be	   targeted	   by	  multiple	  miRNAs,	   as	   shown	   in	   Table	   4.2.1.	   The	   percentage	   of	  miRNA-­‐regulated	  
genes	  in	  these	  tumors	  ranged	  from	  2.55%	  to	  10.64%	  with	  a	  median	  of	  7.2%.	  
Table	  4.1.1.	  miRNA-­‐mRNA	  interactions	   	  
	  
Figure	  4.2.1.	  Integrative	  analysis	  workflow.	  
a)	   Differentially	   expressed	   miRNAs	   between	   two	   experimental	   conditions	   (FDR<0.05);	   Indentified	  
upregulated	   and	   downregulated	   miRNAs.	   b)	   Matched	   mRNA	   (gene)	   expression	   profilies;	   Gene	  
expression	  data	  for	  same	  samples	  as	  those	  used	  for	  miRNA	  study.	  c)	  Integration	  using	  MAGIA	  (miRNA	  
and	   genes	   integrative	   analysis).	   d)	   Identified	   positively	   and	   negatively	   correlated	   miRNA-­‐mRNA	  
interactions	  with	   an	   associated	   coefficient	   and	  p-­‐value	   (p<0.25	   considered	   significant).	   e)	   Ingenuity	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4.2.2.	  Commonly	  deregulated	  miRNA	  in	  PPGLs	  
First,	  to	  address	  the	  functional	  significance	  of	  the	  commonly	  deregulated	  miRNAs	  (miR-­‐193b,	  miR-­‐
365,	   miR-­‐424,	   miR-­‐99a,	   and	   miR-­‐493*)	   in	   all	   PPGLs	   versus	   nAM	   (FDR<0.05),	   IPA	   enrichment	  
analysis	  was	  performed	  with	  predicted	  gene	  targets.	  The	  significantly	  enriched	  potential	  miRNA-­‐
regulated	  pathways	  in	  all	  PPGL	  relative	  to	  nAM	  are	  listed	  in	  Supplementary	  Table	  4.2.1.	  Several	  of	  
these	   pathways	   were	   of	   particular	   interest,	   including	   "CREB	   signaling	   in	   neurons"	   and	   "breast	  
cancer	   regulation	   by	   stathmin	   1	   (STMN1)".	   In	   both	   pathways,	  miR-­‐365	  was	   predicted	   to	   target	  
phospholipase	   C	   beta	   4	   (PLCB4)	   and	   calcium/calmodulin-­‐dependent	   protein	   kinase	   II	   gamma	  
(CAMK2G),	  while	  miR-­‐193b	  was	  predicted	  to	  target	  calmodulin	  1	  (CALM1)	  and	  phosphoinositide-­‐
3-­‐kinase	   regulatory	   subunit	   1	   alpha	   (PIK3R1)	   was	   a	   predicted	   miR-­‐424	   target.	   Integration	   also	  
predicted	  that	  miR-­‐365	  targets	  cAMP	  responsive	  element	  binding	  protein	  5	  (CREB5)	  in	  the	  "CREB	  
signaling	  in	  neurons"	  pathway.	  In	  the	  "breast	  cancer	  regulation	  by	  stathmin	  1"	  pathway,	  STMN1	  
itself	   was	   a	   predicted	   target	   of	   miR-­‐193,	   and	   miR-­‐424	   was	   predicted	   to	   target	   Cdc42	   guanine	  
nucleotide	  exchange	  factor	  9	  (ARHGEF9).	  
4.2.3.	  Potential	  miRNA-­regulated	  pathways	  in	  PPGL	  genetic	  groups	  
To	   identify	   pathways	   potentially	   regulated	   by	  miRNAs	   in	   each	   genetic	   group	   of	   PPGL,	   the	   five	  
commonly	  deregulated	  miRNAs	  between	  PPGLs	  and	  nAM	  were	  filtered	  out	  of	  the	  total	  set	  of	  230	  
miRNAs.	   For	   each	   genetic	   group	   of	   PPGL,	   the	   remaining	   differentially	   expressed	  miRNAs	   were	  
integrated	   with	   the	   corresponding	   mRNA	   expression	   data	   and	   IPA	   enrichment	   analysis	   was	  
performed.	  Significantly	  enriched	  pathways	  for	  each	  PPGL	  experimental	  group	  relative	  to	  nAM	  are	  
summarized	  in	  Supplementary	  Table	  4.2.2.	  Since	  a	  large	  portion	  of	  the	  miRNA	  clustered	  at	  14q32	  
were	   significantly	  down	   regulated	   in	  MAX-­‐relate	   tumors	  with	   respect	   to	  not	  only	  nAM	  but	  also	  
relative	  to	  the	  other	  PPGL	  genetic	  groups,	  integration	  and	  IPA	  enrichment	  analysis	  was	  performed	  
to	  evaluate	  to	  possible	  contribution	  of	  these	  miRNAs	  (Supplementary	  Table	  4.2.2.).	  	  
Group	   Total	  interactionsa	   Unique	  genesb	   Totalc	  	  (%)	  
VHL	   2583	   1710	   8.72	  
SDHB	   2193	   1410	   7.19	  
SDHD	   749	   638	   3.25	  
RET	   2942	   1981	   10.10	  
NF1	   1749	   1244	   6.34	  
TMEM127	   3412	   2084	   10.64	  
MAX	   1160	   682	   3.48	  14q32.2	  miRsd	  	   800	   500	   2.55	  WT	   2630	   1607	   8.19	  a)	  Numbers	   of	   potential	   targets	   for	   the	  miRNAs	  with	   significant	   differences	   in	   expression	   for	   each	  experimental	  group	  of	  PCC/PGL	  relative	  to	  nAM.	  b)	  Unique	  annotated	  genes;	  each	  gene	  counted	  only	  once;	   Analyzed	   using	   Entrez	  Gene	   ID.	   c)	   Percent	   of	   genes	   potentially	   regulated	   by	   the	  microRNAs.	  Calculated	   using	   the	   total	   number	   of	   unique	   genes	   present	   on	   the	   Agilent	   Human	   4x44k	   array	  (n=19,620).	  b)	  Clustered	  miRNA	  at	  chromosome	  14q32.2	  downregulated	  in	  MAX	  tumors.	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4.2.4.	  miRNAs	  in	  Pseudohypoxic	  (VHL	  and	  SDHD)	  tumors	  
Significant	  enrichment	  of	  the	  "reelin	  signaling	  in	  neurons"	  and	  "Gα12/13	  signaling"	  pathways	  was	  
among	  those	  identified	  unique	  to	  VHL-­‐related	  PPGL.	  In	  the	  "Gα12/13	  signaling"	  pathway,	  several	  
cadherin	   (CDH)	   genes	  were	   predicted	   to	   be	   regulated	   by	  miRNAs,	   including	   CDH2	   by	  miR-­‐124,	  
CDH6	   by	  miR-­‐26a,	  CDH7	   by	  miR-­‐148a,	   and	  CDH13	   by	  miR-­‐30e.	   The	   predicted	  miRNA-­‐regulated	  
genes	   in	  the	  "reelin	  signaling	   in	  neurons"	  pathway	   included	  FYN,	  SRC,	   ITGA6,	  VLDLR,	  and	  MAPT.	  
Integration	   results	   indicate	   that	  miR-­‐96	   (down-­‐regulated	   in	  VHL)	   targets	   FYN	   and	  VLDLR,	   while	  
SRC,	  MAPT,	  and	  ITGA6	  are	  targets	  of	  miR-­‐149,	  miR-­‐132,	  and	  miR-­‐32	  and	  miR-­‐30e,	  respectively.	  	  
In	  SDHD-­‐related	  tumors,	  "citrate	  cycle"	  and	  "glyoxylate	  and	  dicarboxylate	  metabolism"	  pathways	  
were	  found	  significantly	  enriched.	  This	  was	  particularly	  interesting,	  as	  SDHx	  mutations,	   including	  
SDHD,	   result	   in	   complex	   II	   deficiency	   that	   severely	   perturbs	   cellular	   metabolism.	   In	   both	  
pathways,	  citrate	  synthase	  (CS)	  and	  aconitase	  1	  (ACO1)	  were	  predicted	  targets	  of	  miR-­‐23a.	  In	  the	  
"citrate	   cycle"	   pathway,	   pyruvate	   carboxylase	   (PC)	   could	   be	   targeted	   of	   miR-­‐143,	   while	   in	   the	  
"glyoxylate	   and	   dicarboxylate	   metabolism"	   pathway,	   miR-­‐32	   and	   miR-­‐542-­‐3	   were	   predicted	   to	  
target	  methylenetetrahydrofolate	  dehydrogenase	  2	  (MTHFD2).	  	  
4.2.5.	  miRNAs	  in	  "Cluster	  2"	  PPGLs	  
Unique	   to	   RET-­‐related	   PPGL	   was	   the	   "apoptosis	   signaling"	   and	   "focal	   adhesion	   kinase	   (FAK)	  
signaling"	   pathways,	   among	   others.	   In	   the	   "FAK	   signaling"	   pathway,	  miR-­‐139a	   and	  miR-­‐542-­‐3p	  
were	  predicted	  to	  target	  talin	  2	  (TLN2),	  while	  miR-­‐148a	  targeted	  Rho	  GTPase	  activating	  protein	  26	  
(ARHGAP26),	  and	  miR-­‐7	   targeted	  both	  v-­‐crk	  sarcoma	  virus	  CT10	  avian	  oncogene	  homolog	   (CRK)	  
and	   epidermal	   growth	   factor	   receptor	   (EGFR).	   Integration	   results	   predict	   that	   miR-­‐29a	   targets	  
both	   tumor	   necrosis	   factor	   receptor	   superfamily	   member	   1A	   (TNFRSF1A)	   and	   BCL2-­‐
antagonist/killer	  1	  (BAK1)	  in	  the	  "apoptosis	  signaling"	  pathway.	  	  
The	  "role	  of	  MAPK	  signaling	  in	  the	  pathogenesis	  of	  influenza	  pathway"	  was	  the	  only	  NF1-­‐specific	  
pathway	   identified	  where	   integration	  predicted	  peroxiredoxin	  6	   (PRDX6)	  was	   regulated	  by	  miR-­‐
138,	  miR-­‐124	  and	  miR-­‐149,	  mitogen-­‐activated	  protein	  kinase	  11	  (MAPK11)	  by	  let-­‐7c,	  and	  protein	  
kinase	  C,	  alpha	  (PRKCA)	  by	  miR-­‐128.	  
Enrichment	   of	   "actin	   cytoskeleton	   signaling"	   and	   "PI3K/AKT	   signaling"	   pathways	  was	   unique	   to	  
TMEM127-­‐related	   tumors.	   In	   the	   actin	   cytoskeleton	   signaling	   pathway,	   integration	   results	  
predicted	  that	  let-­‐7b	  and	  let-­‐7c	  targeted	  adenomatosis	  polyposis	  coli	  2	  (APC2),	  miR-­‐29b	  and	  miR-­‐
137	   targeted	   cell	   division	   cycle	   42	   (CDC42),	  miR-­‐196a	   targeted	   radixin	   (RDX),	  miR-­‐495	   targeted	  
ezrin	   (EZR),	   and	   miR-­‐96	   targeted	   Src	   homology	   2	   domain	   containing	   transforming	   protein	   1	  
(SHC1).	  For	   the	  "PI3K/AKT	  signaling"	  pathway,	  genes	  predicted	  as	  miRNA	  targets	   included	  cyclin	  
D1	   (CCND1)	   by	   miR-­‐202,	   both	   forkhead	   box	   O3	   (FOXO3)	   and	   PIK3R1	   by	   miR-­‐96,	   and	   GRB2-­‐
associated	  binding	  protein	  2	  (GAB2)	  by	  let-­‐7b,	  let-­‐7c	  and	  miR-­‐96.	  
"Gamma-­‐aminobutyric	   acid	   (GABA)	   receptor	   signaling"	   and	   "cardiomyocyte	   differentiation	   via	  
bone	  morphogenetic	  protein	  (BMP)	  receptor	  signaling"	  pathways	  were	  uniquely	  enriched	  in	  MAX-­‐
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related	   PPGL.	   In	   the	   "GABA	   receptor	   signaling"	   pathway,	   predicted	   miRNA	   regulated	   genes	  
included	  N-­‐ethylmaleimide-­‐sensitive	  factor	  (NSF)	  by	  miR-­‐199a-­‐5p,	  GABA	  A	  receptor	  B3	  (GABRB3)	  
by	   miR-­‐381,	   miR-­‐485-­‐5p	   and	   miR-­‐539,	   GABRG2	   by	   miR-­‐376a,	   and	   4-­‐aminobtyrate	  
aminotransferase	   (ABAT)	   by	   miR-­‐96.	   Mir-­‐542-­‐3p	   and	   miR-­‐758	   were	   predicted	   to	   target	   BMP7,	  
while	  the	  BMP	  receptor	  type	  1B	  (BMPR1B)	  was	  a	  predicted	  target	  of	  miR-­‐96,	  miR-­‐381,	  miR-­‐130a,	  
and	  miR-­‐495	  in	  the	  former.	  	  
4.2.6.	  Similar	  miRNA-­regulated	  pathways	  in	  "Cluster	  2"	  tumors	  	  
There	   was	   some	   overlap	   between	   significantly	   enriched	   pathways	   identified	   among	   the	   PPGL	  
experimental	   groups.	   In	   fact,	   predicted	   miRNA-­‐regulated	   pathways	   were	   the	   same	   or	   similar	  
among	   experimental	   groups	   belonging	   to	   the	   same	   cluster	   (pseudohypoxic	   or	   cluster	   2).	   For	  
instance,	   "cluster	   2"	   tumors	   (RET,	  NF1,	  MAX,	   and	   TMEM127)	   showed	   enrichment	   in	   pathways	  
associated	   with	   PI3K/AKT,	   RAS,	   and	   mTOR	   signaling.	   In	   this	   regard,	   "mTOR	   signaling",	   "PTEN	  
signaling",	   "phospholipase	   C	   signaling",	   and	   "LPS-­‐stimulated	   MAPK	   signaling"	   pathways	   were	  
found	  enriched	  in	  RET-­‐,	  NF1-­‐,	  and	  TMEM127-­‐related	  PPGLs,	  while	  the	  "protein	  kinase	  A	  signaling"	  
pathway	  was	  enriched	  in	  RET-­‐,	  TMEM127-­‐,	  and	  MAX-­‐related	  PPGL.	  Similarly,	  RET-­‐	  and	  TMEM127-­‐
associated	   tumors	  were	  enriched	   in	   the	  "NGF	  signaling"	  pathway,	  and	   the	  "SAPK/JNK	  signaling"	  
pathway	   was	   enriched	   in	   RET	   and	   NF1	   mutant	   PPGLs.	   Finally,	   the	   "ERK/MAPK	   signaling"	   and	  
"p70S6K	   signaling"	   pathways	   were	   significantly	   enriched	   in	   RET-­‐,	   NF1-­‐,	   TMEM127-­‐,	   and	   VHL-­‐
related	  PPGL.	  
4.2.7.	  MiRNAs	  deregulated	  in	  PPGLs	  may	  have	  roles	  in	  neuronal/	  	   	  
	   neuroendocrine-­like	  differentiation	  
Interestingly,	  we	  observed	  that	  neuronal	  and	  neuroendocrine-­‐like	  differentiation	  was	  a	  common	  
feature	   among	   the	   potential	   miRNA-­‐regulated	   pathways.	   For	   instance,	   those	   SDHB-­‐related	  
pathways	   included	   "axonal	   guidance	   signaling,"	   "synaptic	   long	   term	   potentiation,"	   and	  
"dopamine-­‐DARPP32	  feedback	  in	  cAMP	  signaling."	  Predicted	  miRNA	  target	  gene	  interactions	  with	  
reported	   functions	   in	   neuronal	   or	   neuroendocrine-­‐like	   differentiation	   were	   not	   only	   unique	   to	  
SDHB-­‐related,	  but	  a	  common	  feature	  in	  all	  PPGL	  experimental	  groups,	   including	  those	  belonging	  
to	  cluster	  2,	  such	  as	  MAX-­‐mutant	  tumors.	  Significant	  enrichment	  in	  "CREB	  signaling	  in	  neurons,"	  
"neurotrophin/TRK	  signaling,"	  and	  "P2Y	  purigenic	  receptor	  signaling"	  pathways	  were	  among	  the	  
potential	   miRNA	   regulated	   pathways	   in	   MAX-­‐associated	   tumors.	   Specific	   examples	   potential	  
miRNA-­‐mRNA	   interactions	   in	   MAX	   mutant	   involved	   in	   these	   pathways,	   include	   brain-­‐derived	  
neurotropic	   factor	   (BDNF)	   targeted	   by	   miRs-­‐370/381/382/495,	   CREB5	   by	   miRs-­‐539/543/495,	  
PIK3R1	   by	   miRs-­‐376a/376b/495,	   and	   sortilin-­‐related	   VPS10	   domain	   containing	   receptor	   1	  
(SORCS1)	  by	  miR-­‐382/495.	  	  
Furthermore,	  predicted	  miRNA–mRNA	   interactions	   for	   individual	  miRNAs	  were	   further	  explored	  
to	  obtain	  a	  more	  comprehensive	  view	  into	  their	  possible	  biological	  functions	  biological	  function.	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Because	   of	   the	   poor	   prognosis	   associated	   with	   SDHB-­‐	   related	   PPGLs,	   we	   were	   interested	   in	  
examining	  those	  genes	  predicted	  as	  miR-­‐183	  and	  miR-­‐96	  targets,	  which	  we	  previously	  validated	  as	  
uniquely	  overexpressed	  in	  these	  tumors	  174.	  Among	  the	  101	  potential	  miR-­‐183	  and	  miR-­‐96	  targets,	  
there	  were	  genes	  involved	  with	  neuronal	  or	  neuroendocrine-­‐like	  differentiation,	  such	  as	  EZR;	  Rho	  
GTPase-­‐activating	   protein	   18	   (ARHGAP18);	   CTD	   small	   phosphatase	   1	   (CTDSP1);	   FERM,	   RhoGEF	  
(ARHGEF)	  and	  pleckstrin	  domain	  protein	  1	  (FARP1);	  and	  leucine-­‐rich,	  glioma	  inactivated	  1	  (LGI1).	  	  
4.2.8.	  MiRNA-­183/-­96	  inhibit	  NGF-­induced	  differentiation	  	  
As	   our	   integration	   analysis	   suggested	   that	   miR-­‐183	   and	   mir-­‐96	   could	   be	   implicated	   in	  
neuronal/neuroendocrine-­‐like	   differentiation,	   we	   wanted	   to	   further	   examine	   the	   role	   of	   these	  
miRNAs	  in	  PPGL	  differentiation.	  Using	  PC12	  miRNA	  expression	  data	  from	  the	  Hamada	  et	  al.	  (2012)	  
study,	   we	   determined	   that	   miR-­‐183	   and	   miR-­‐96	   were	   not	   overexpressed	   and	   that	   expression	  
levels	   remained	   constant	   throughout	   NGF-­‐induced	   differentiation	   (data	   not	   shown)	   152.	   After	  
determining	  that	  the	  PC12	  cell	  line	  was	  suitable,	  we	  measured	  the	  effect	  of	  miR-­‐183	  and/or	  miR-­‐
96	  on	  neuronal	  differentiation	  in	  PC12	  cells	  in	  the	  presence	  of	  low-­‐dose	  NGF.	  	  
Using	   the	  cellular	   length,	  border	   length,	  and	   roundness	  of	  PC12	  cells	  as	  parameters	   to	  quantify	  
neuronal	   differentiation,	   we	   determined	   that	   miR-­‐183	   and/or	   miR-­‐96	   transfected	   cells	   were	  
significantly	  different	  from	  NGF-­‐positive	  control	  PC12	  cells	  (Figure	  4.2.2).	  In	  fact,	  miR-­‐183	  and/or	  
miR-­‐96-­‐transfected	  cells	  in	  the	  presence	  of	  low-­‐dose	  NGF	  closely	  resembled	  NGF-­‐negative	  control	  
PC12	  cells.	  These	  results	   indicate	  that	  miR-­‐183	  and/or	  miR-­‐96	  hinder	  neuronal	  differentiation	  of	  








Figure	  4.2.2.	  Morphological	  
changes	  in	  PC12	  cells	  
transfected	  with	  miR-­‐183	  
and/or	  miR-­‐96.	  	  
Morphological	  changes	  in	  PC12	  
cells	   transfected	  with	  miR-­‐183	  
and/or	   miR-­‐	   96.	   (A)	   NGF-­‐
untreated	   cells	   (NGF(K))	  
transfected	   with	   control	  
microRNA	   (miRNA).	   NGF-­‐
treated	   cells:	   (B)	   transfected	  
with	   miR-­‐183;	   (C)	   transfected	  
with	   miR-­‐96;	   (D)	   cells	  
transfected	   with	   miR-­‐183	   and	  
miR-­‐96;	   (E)	   transfected	   with	  
control	   miRNA;	   (F)	   length	  
(mm);	  (G)	  border	  length	  (mm);	  
and	   (H)	   cell	   roundness	   in	  
arbitrary	   units.	   More	   than	   50	  
cells	   were	   analyzed	   for	   each	  
condition.	   ANOVA	   test	   was	  
performed	   for	   each	  
parameter:	   (F)	   P=1.53x10-­‐43,	  
(G)	   P=4.95x10-­‐68,	   and	   (H)	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4.2.9.	  Proteomic	  analysis	  validates	  miRNA-­mRNA	  integration	  &	  offers	  insight	  
into	  miRNA	  mode	  of	  regulation	  
To	  validate	  our	  miRNA–mRNA	   integration	   results	  and	  assess	  possible	  posttranscriptional	  miRNA	  
regulation,	  we	  utilized	  mass	  spectrometry	  to	  analyze	  protein	   levels	   in	  two	  SDHB-­‐	  and	  two	  MAX-­‐
related	  PPGLs.	  MAX-­‐related	  PPGLs	  were	  selected	  for	  proteomic	  analysis	  because	  the	  PC12	  cell	  line	  
has	  been	  firmly	  established	  as	  a	  model	  system	  for	  MAX-­‐mutant	  tumors.	  We	  identified	  a	  total	  of	  
1808	  proteins	  in	  one	  or	  both	  PPGL	  experimental	  groups	  (data	  not	  shown).	  
	  
Having	  identified	  miRNA,	  mRNA,	  and	  protein	  signatures	  for	  these	  four	  tumors,	  we	  ascertained	  the	  
relationship	   between	   the	   transcript	   expression	   and	   protein	   abundance.	   For	   the	   1637	   genes	   for	  
which	  both	  transcript	  and	  protein	  levels	  were	  measured	  between	  SDHB	  and	  MAX,	  the	  correlation	  
was	  moderate	  but	  significant	  (Figure	  4.2.3.	  A.).	  Thus,	  to	  evaluate	  the	  global	  structure	  of	  the	  data,	  
the	   expression	   of	   the	   genes	  measured	   at	   both	   transcript	   and	   protein	   levels	   were	   subjected	   to	  
unsupervised	   hierarchical	   clustering	   (Fig.	   4.2.3.	   B).	   This	   analysis	   showed	   a	   clear	   division	   of	   the	  
profiles	   into	  branches	  according	   to	  genetic	  background	  as	  mRNA	  and	  protein	   samples	   from	   the	  
same	  tumor	  were	  consistently	  clustered	  together.	  This	  demonstrated	  that	  mRNA	  and	  proteomic	  
profiles	  were	  compatible.	  
As	   miRNAs	   have	   been	   reported	   to	   regulate	   gene	   expression	   by	   inducing	   target	   mRNA	  
degradation,	  translational	  truncation,	  or	  both,	  we	  separately	  compared	  positively	  and	  negatively	  
correlated	   miRNA–mRNA	   interactions	   with	   the	   corresponding	   proteomic	   data.	   Comparison	   of	  
negatively	  correlated	  miRNA-­‐mRNA	  interactions	  with	  proteomic	  data	  allowed	  us	  to	  assess	  miRNA	  
	  
Figure	  4.2.3.	  Proteomic	  and	  transcriptomic	  profiles	  for	  SDHB-­‐	  and	  MAX-­‐associated	  PPGLs.	  
A)	  Scatter	  plot	  shows	  LOG2	  transformed	  mRNA	  ratios	  (SDHB::MAX)	  vs.	  protein	  ratios	  (SDHB::MAX)	  
for	   those	   genes	   (n=1,637)	   found	   in	   common	   in	   both	   platforms	   (Pearson’s	   coefficient=0.38;	  
P=1.20x10-­‐54).	   B)	   Unsupervised	   hierarchical	   cluster	   analysis	   performed	   with	   matched	   mRNA	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regulation	  of	  gene	  expression	   induced	  by	   target	  degradation.	  While	  miRNA	  regulation	  occurring	  
by	   translational	   truncation	   (post-­‐transcriptional)	   was	   evaluated	   comparing	   positively	   correlated	  
miRNA–mRNA	  interactions	  with	  proteomic	  data.	  	  
In	  total,	  protein	  data	  were	  available	  for	  36	  negatively	  and	  25	  positively	  correlated	  miRNA–mRNA	  
interactions	   between	   SDHB-­‐	   and	   MAX-­‐related	   tumors.	   None	   of	   the	   25	   positively	   correlated	  
interactions	   were	   confirmed	   at	   the	   protein	   level.	   Interestingly,	   among	   the	   36	   negatively	  
correlated	   interactions,	   four	  were	   confirmed	   at	   the	   protein	   level.	   These	   included	   the	   following	  
miRNA–mRNA	   pairs:	   miR183/96-­‐EZR,	   miR183-­‐PPP2R5C,	   miR410-­‐HTRA2,	   and	   miR433-­‐OXCT1.	  
These	   results	   suggest	   that	   the	  mode	  of	  miRNA-­‐mediated	   regulation	  of	  gene	  expression	   in	  PPGL	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4.3.	  Part	  3.	  Chromosomal	  alterations	  in	  PPGL	  
Genomic	  alterations,	  such	  as	  chromosomal	  aberrations,	  are	  key	  causative	  events	  of	  tumorigenesis	  
and	  disease	  progression.	  Genomic	  alterations	  in	  tumor	  cells	  range	  in	  size	  from	  single	  base	  changes	  
to	   insertions	   and	   deletions	   of	   large	   chromosomal	   fragments	   and	   even	   whole	   genome	  
duplications.	   Previously,	   the	   genomes	   of	   PPGLs	   have	   been	   extensively	   characterized	   by	   array-­‐
comparative	  genomic	  hybridization	  (CGH).	  However,	  tumors	  often	  deviate	  from	  the	  diploid	  state	  
and	  many	  contain	  multiple	  populations	  of	  both	   tumor	  and	  nontumoral	   cells,	  which	  complicates	  
correct	   assembly	   and	   interpretation	   of	   these	   data.	   For	   these	   reasons,	  most	   studies	   have	   been	  
limited	  to	  reporting	  gains	  and	  losses.	  	  
Thus,	   in	   this	   regards,	   the	   objective	   of	   this	   thesis	   project	   was	   to	   characterize	   chromosomal	  
alterations	  in	  PPGL.	  This	  is	  the	  first	  study	  where	  high-­‐density	  SNP	  genotyping	  in	  these	  tumors	  has	  
been	  applied	  to	   investigate	  chromosomal	  alterations	   in	  PPGLs.	  Besides	   identifying	  chromosomal	  
alterations,	  we	  also	  estimated	  tumor	  cell	  ploidy	  and	  aberrant	  cell	  fraction	  in	  PPGLs	  with	  different	  
genetic	   backgrounds.	   Finally,	   we	   assess	   molecular	   events	   at	   chromosome	   14	   in	  MAX	   mutant	  
tumors.	  
4.3.1.	  High-­density	  SNP	  genotyping	  in	  PPGL	  
We	   performed	   genotyping	   of	   90	   PPGL	   samples	   using	   Illumina	   Human	   OnmiExpress	   700K	   SNP	  
chips.	  Using	  the	  ASCAT	  (allele-­‐specific	  copy	  number	  analysis	  of	  tumors)	  algorithm	  to	  analyze	  SNP	  
chip	  data,	  we	  were	  able	  to	  estimate	  the	  fraction	  of	  aberrant	  cells	  and	  the	  tumor	  ploidy,	  as	  well	  as	  
produce	   whole-­‐genome	   allele-­‐
specific	   copy	   number	   profiles.	  
The	  ASCAT	   algorithm	   is	   able	   to	  
calculate	  the	  allele-­‐specific	  copy	  
numbers	   of	   all	   assayed	   SNPs,	  
taking	   into	   account	   tumor	  
aneuploidy	   and	   the	   fraction	   of	  
aberrant	  tumor	  cells.	  
	  
Figure	   4.3.1.	   shows	   an	   ASCAT	  
profile	  for	  an	  NF1	  mutant	  PPGL.	  
Each	   ASCAT	   profile	   reports	   the	  
estimated	   ploidy	   and	   aberrant	  
cell	   fraction	   for	  a	   tumor,	  which	  
in	   this	   example	   was	   2.01	   and	  
81%,	   respectively.	   The	   ASCAT	  
profile	   is	   represented	   with	   the	  
copy	  number	  on	   the	  y	  axis	  and	  
	  
Figure	   4.3.1.	   Example	   of	   ASCAT	   profile	   for	   NF1	   tumor	  
(NF1_4).	  ASCAT	  profile	  for	  tumor	  shown	  in	  upper	  panel.	  
The	  estimated	  ploidy,	  aberrant	  cell	   fraction,	  and	  goodness	  of	  
fit	   value	   provided	   above	   ASCAT	   profile.	   The	   ASCAT	   profile	  
displays	   allele-­‐specific	   copy	   number	   of	   all	   assayed	   loci.	   The	  
copy	   number	   is	   displayed	   on	   the	   y	   axis.,	   while	   the	   genomic	  
location	  is	  shown	  on	  the	  x	  axis.	  The	  green	  bars	  corresponds	  to	  
allele	  with	   lowest	  copy	  number.	  The	  red	  bars	  corresponds	   to	  
allele	  with	  highest	  copy	  number.	  For	  all	  aberrations	  found,	  an	  




A. A. DE CUBAS 
62	  
the	  genomic	  location	  on	  the	  x	  axis.	  The	  green	  and	  red	  lines	  represent	  the	  alleles.	  For	   illustrative	  
purposes,	   the	   lines	  are	  slightly	  shifted	  such	  that	   they	  do	  not	  overlap.	  The	  allele	  with	  the	   lowest	  
copy	  number	  is	  shown	  in	  green,	  while	  the	  red	  line	  corresponds	  to	  the	  allele	  with	  the	  highest	  copy	  
number.	  Finally,	  an	  aberration	  reliability	  score	  is	  calculated	  for	  all	  aberrations	  identified.	  
4.3.2.	  Ploidy	  and	  aberrant	  cell	  fraction	  in	  PPGLs	  
To	   investigate	   the	   relevance	   of	   aneuploidy	   and	   involvement	   of	   non-­‐aberrant	   cells	   in	   PPGL,	   we	  
examined	  the	  ploidy	  and	  aberrant	  cell	   fraction	  for	  our	  PPGL	  collection.	  Since	  the	  specimens	  had	  
been	  previously	  evaluated	  by	   two	  pathologists	   to	   include	  only	  samples	  with	  at	   least	  80%	  tumor	  
cells,	  the	  aberrant	  cell	  fraction	  should	  reflect	  intratumoral	  non-­‐aberrant	  cells	  and	  not	  normal	  cells	  
surrounding	  the	  tumor.	  We	  found	  that	  our	  PPGL	  specimens	  are	  on	  average	   infiltrated	  with	  32%	  
(median	  27%)	  non-­‐aberrant	  cells.	  	  
The	  mean	  ploidy	  of	  these	  tumors	  was	  2.16	  (median	  1.91)	  with	  69%	  of	  samples	  having	  a	  ploidy	  less	  
than	   2.00.	   The	   remaining	   41%	   of	   tumors	   with	   a	   ploidy	   greater	   than	   2.00	   included	   13	   WT	  
specimens,	  3	  RET-­‐,	  2	  SDHB-­‐,	  2	  EPAS1-­‐,	  1	  NF1-­‐,	  and	  1	  MAX-­‐related	  PPGLs.	  Six	  out	  of	  ten	  malignant	  
PPGLs	  had	  a	  ploidy	  greater	  than	  2.00.	  Then	  we	  explored	  the	  ploidies	  and	  aberrant	  cell	   fractions	  
for	  each	  of	  the	  genetic	  groups	  of	  PPGLs	  (Figure	  4.3.2.).	  In	  general,	  PPGL	  genetic	  groups	  had	  similar	  
ploidy	   and	   aberrant	   cell	   fractions.	   However,	   SDHD-­‐related	   PPGLs	   showed	   substantially	   lower	  
aberrant	  cell	   fractions	   (mean	  36%)	  compared	   to	   the	  other	  genetic	  groups	   (Figure	  4.3.2.	  A).	  VHL	  
mutant	  tumors	  had	  the	  second	  lowest	  aberrant	  cell	  fractions	  with	  an	  average	  of	  53	  percent.	  The	  
remaining	  genetic	  groups	  had	  approximately	  70-­‐80%	  aberrant	  cells.	  	  
With	   the	   exception	  of	  MAX-­‐	   and	  EPAS1-­‐related,	   as	  well	   as	   tumors,	   the	  ploidies	   found	   for	   PPGL	  
genetic	   groups	  were	   centered	   around	  2.0n	   (Figure	   4.3.2.	   B).	  However,	   the	  high	  ploidy	   found	   in	  
MAX	  mutant	  and	  WT	  tumors	  was	  caused	  by	  an	  outlier	  samples	  and	  may	  not	  represent	  the	  ploidy	  
of	   these	   tumors	   as	   a	   whole.	   The	   median	   ploidies	   of	   MAX	   and	   WT	   tumors	   (1.94	   and	   2.00	  
respectively)	  may	  be	  more	   accurately	   represent	   tumors	   these	   groups	   as	   a	  whole.	  On	   the	  other	  
hand,	  EPAS1	  mutant	  PPGLs	  showed	  a	  higher	  ploidy	  of	  on	  average	  2.64.	  	  
	  
	  
Figure	   4.3.2.	   Aberrant	   cell	   fraction	   and	   cell	   ploidy	   for	   PPGL	   genetic	   groups.	   A)	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4.3.3.	  Chromosomal	  alterations	  in	  PPGLs	  	  
Table	  4.3.1.	  provides	  a	  summary	  of	  chromosomal	  alterations	  found	  in	  our	  series	  of	  PPGLs.	  Loss	  of	  
the	  short	  arm	  of	  chromosome	  1	  (1p)	  was	  the	  most	  common	  chromosomal	  alteration,	  present	  in	  
64.4%	  of	  PPGL	  samples.	  Although	  widely	  observed	  in	  our	  tumors,	  loss	  of	  1p	  was	  not	  so	  prevalent	  
in	  SDHD-­‐	  and	  VHL-­‐related	  PPGLs	  (20%	  and	  0%,	  respectively).	  
Loss	   of	   the	   long	   arm	   of	   chromosome	   3	   (3q)	  was	   the	   next	  most	   frequently	   observed	   alteration	  
(present	   in	  50%	  of	  PPGLs).	   Interestingly,	   thirty-­‐one	  out	  of	   the	   forty-­‐four	   tumors	  with	   loss	  of	  3q	  
concurrently	  showed	  loss	  of	  chromosome	  1p.	  Concurrent	   loss	  of	  1p	  and	  3q	  was	  associated	  with	  
RET-­‐	  and	  NF1-­‐related	  cases	  (87.5%	  and	  62.5%	  respectively).	  Nine	  out	  of	  30	  WT	  tumors	  (30%)	  also	  
had	  loss	  of	  1p	  and	  3q.	  
Present	  in	  42%,	  loss	  of	  the	  short	  arm	  of	  chromosome	  11	  (11p),	  was	  a	  relatively	  common	  event	  in	  
our	  collection	  of	  PPGLs.	  Loss	  of	  3p	  was	  another	  frequently	  observed	  alteration,	  which	  was	  found	  
in	  35%	  of	  tumors.	  Interestingly,	  concurrent	  loss	  of	  3p	  and	  11p	  was	  another	  prominent	  feature	  in	  
our	   series	   of	   tumors	   (n=20;	   22.2%).	   Among	   these	   20	   samples	   with	   loss	   of	   both	   3p	   and	   11p,	  
fourteen	  harbored	  mutations	  in	  the	  VHL	  gene.	  
	  
Chromosome	  17p	  was	  lost	  in	  28.7%	  of	  tumors.	  Loss	  of	  17p	  was	  particularly	  prevalent	  in	  RET-­‐
related	  PPGLs	  with	  ten	  out	  of	  fifteen	  RET-­‐related	  PPGLs	  presenting	  loss	  of	  17p.	  WT	  PPGLs	  also	  
frequently	  showed	  loss	  of	  17p	  (36.7%).	  On	  the	  other	  hand,	  besides	  two	  tumors	  with	  complete	  loss	  
of	  chromosome	  17,	  loss	  of	  17p	  was	  not	  observed	  in	  any	  of	  the	  NF1	  tumors.	  Rather	  all	  NF1	  mutant	  
tumors	  showed	  loss	  of	  the	  first	  half	  of	  chromosome	  17q.	  	  
Table	  4.3.1.	  Summary	  of	  chromosomal	  alterations	  in	  PPGL	  
Alteration(%)a	   Tot	   VHL	   SDHB	   SDHD	   EPAS1	   RET	   NF1	   MAX	   TMEM127	   HRAS	   WT	  loss	  all	  chr1	   4.4	   6.7	   -­‐	   -­‐	   25	   -­‐	   12.5	   -­‐	   -­‐	   -­‐	   3.3	  loss	  1p	   64.4	   20	   77.8	   -­‐	   25	   100	   100	   33.3	   100	   100	   56.7	  loss	  2p	   -­‐	   -­‐	   -­‐	   -­‐	   75	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   10	  loss	  2q	   4.4	   -­‐	   22.2	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   100	   -­‐	   10	  loss	  all	  chr3	   28.9	   66.7	   44.4	   -­‐	   25	   43.8	   12.5	   -­‐	   -­‐	   -­‐	   6.7	  loss	  3p	   33.3	   86.7	   44.4	   33.3	   25	   43.8	   12.5	   -­‐	   -­‐	   -­‐	   6.7	  loss	  3q	   50	   46.7	   44.4	   -­‐	   25	   87.5	   62.5	   -­‐	   100	   100	   33.3	  loss	  all	  chr11	   16.7	   46.7	   22.2	   100	   -­‐	   6.3	   -­‐	   -­‐	   -­‐	   -­‐	   3.3	  loss	  11p	   42.2	   93.3	   66.7	   100	   75	   25	   12.5	   -­‐	   -­‐	   -­‐	   16.7	  loss	  1p	  &	  3q	   34.4	   -­‐	   22.2	   -­‐	   -­‐	   87.5	   62.5	   -­‐	   -­‐	   100	   30	  loss	  3p	  &	  11p	   22.2	   93.3	   22.2	   33.3	   25	   12.5	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  loss	  14q	   15.6	   -­‐	   11.1	   33.3	   25	   25	   12.5	   100	   -­‐	   -­‐	   10	  UPDb	  chr14q	   3.3	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   100	   -­‐	   -­‐	   -­‐	  loss	  17p	   27.8	   6.7	   11.1	   -­‐	   -­‐	   62.5	   -­‐	   33.3	   -­‐	   -­‐	   36.7	  loss	  17q	   8.8	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   100	   -­‐	   -­‐	   -­‐	   -­‐	  loss	  chr21	   24.4	   13.3	   -­‐	   -­‐	   25	   68.8	   -­‐	   33.3	   -­‐	   -­‐	   16.7	  loss	  chr22	   30	   6.7	   22.2	   -­‐	   50	   43.8	   37.5	   66.7	   100	   100	   23.3	  Total	  Nc	   90	   15	   9	   3	   4	   16	   8	   3	   1	   1	   30	  a)	  Percentage	  of	  tumors	  with	  a	  given	  chromosomal	  alteration.	  	  2)	  UPD	  or	  Uniparental	  disomy.	  c)	  Total	  number	  of	  samples	  provided	  in	  last	  row.	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Chromosomes	   21	   and	   22	  were	   also	   frequently	   lost	   in	   PPGLs.	   Twenty-­‐three	   percent	   of	   samples	  
presented	  loss	  of	  chromosome	  21,	  while	  chromosome	  22	  was	  deleted	  in	  30%	  of	  tumors.	  	  Loss	  of	  
chromosome	  21	  was	   associated	  with	  RET	  mutant	  PPGLs	   (60%).	  All	   ten	  RET-­‐related	   tumors	  with	  
loss	  of	  chromosome	  21	  also	  presented	  loss	  of	  1p	  and	  3q.	  Seven	  out	  of	  10	  RET-­‐related	  tumors	  with	  
loss	   of	   chromosome	   21	   also	   showed	   loss	   of	   17p.	   Interestingly,	   no	  NF1-­‐related	   tumors	   had	   lost	  
chromosome	  21.	  	  
Loss	  of	  chromosome	  14	  (14q)	  was	  observed	  in	  15.6%	  of	  tumors.	  For	  the	  most	  part,	  14q	  was	  lost	  
through	   conventional	   deletion	   of	   one	   allele	  with	   the	   exception	   in	  MAX-­‐related	   PPGLs.	   In	  MAX-­‐
related	   tumors,	  one	  copy	  of	  chromosome	  14q	   is	   lost	  and	   the	  other	  copy	  duplicated	  resulting	   in	  
LOH,	   commonly	   referred	   to	   as	   a	   "uniparental	   chromosomal	   disomy"	   or	   a	   copy	   neutral	   event.	  
Disomy	  of	  chromosome	  14	  was	  a	  hallmark	  of	  MAX-­‐related	  PPGLs.	  
As	  we	  previously	  had	  reported,	  we	  observed	  an	  exclusive	  gain	  of	  chromosome	  2p	  in	  three	  out	  of	  
four	  (3/4)	  EPAS1	   tumors,	  which	  was	  extremely	  relevant	  given	  that	  the	  EPAS1	  gene	  is	   located	  on	  
chromosome	  2p21-­‐p16	   64.	  We	  were	   unable	   to	   detect	   any	   alterations	   of	   chromosome	  2p	   in	   the	  
ASCAT	  profile	  for	  the	  fourth	  EPAS1	  tumor.	  
The	   only	   TMEM127-­‐related	   tumor	   in	   this	   study	   showed	   loss	   of	   1p	   and	   chromosome	   22.	  
Interestingly,	   this	   TMEM127	   mutant	   tumor	   had	   loss	   of	   chromosome	   2q,	   where	   the	   TMEM127	  
gene	  is	  located.	  
4.3.4.	  Imprinted	  genes	  affected	  by	  chr14	  UPD	  in	  MAX	  tumors	  
Since	   chromosome	   14	   UPD	   was	   unique	   to	  MAX	   mutant	   tumors,	   we	   thought	   that	   it	   might	   be	  
important	   for	  tumorigenesis	   in	  these	  tumors	  (Figure	  4.4.3.	  A-­‐C).	  Thus,	  we	  performed	  a	  more	   in-­‐
depth	  analysis	  of	  the	  molecular	  events	  at	  chromosome	  14	  in	  MAX	  mutant	  tumors.	  Previously,	  we	  
reported	   down-­‐regulation	   of	   the	   large	   maternally	   expressed	   miRNA	   cluster	   also	   located	   at	  
chromosome	  14q32.2	  174.	  In	  the	  Figure	  4.3.3	  B,	  the	  circos	  plot	  representation	  of	  heatmaps	  for	  the	  
14q32.2	  miRNA	   cluster	   clearly	   shows	  down-­‐regulation	  of	   these	  miRNAs	   in	  MAX	  mutant	   tumors	  
relative	   to	   the	  other	  genetic	  groups.	  These	   results	  provided	   further	  evidence	   supporting	   loss	  of	  
chromosome	  14	  in	  MAX-­‐related	  tumors	  observed	  by	  ASCAT	  analysis.	  
The	  DLK1/MEG3	  differentially	  methylated	  region	  (DMR)	  is	  also	  located	  at	  chromosome	  14q.32.2.	  
These	   two	   genes	   are	   reciprocally	   imprinted:	   only	   the	   paternal	   allele	   of	   the	   DLK1	   gene	   is	  
expressed,	  while	  the	  maternal	  allele	  of	  MEG3	  (maternally	  expressed	  gene	  3)	  is	  expressed.	  Thus,	  a	  
normal	   human	   genome	   should	   contain	   one	   methylated	   (paternal)	   MEG3	   allele	   and	   another	  
unmethylated	   (maternal)	   MEG3	   allele.	   Using	   gene	   expression	   data	   we	   had	   available	   from	   a	  
previous	  study,	  we	  assessed	  the	  expression	  of	  MEG3	  and	  DLK1	  in	  a	  large	  series	  of	  PPGLs,	  including	  
MAX-­‐associated	  tumors	  59,102.	  	  
RESULTS 
	  




Figure	  4.3.3.	  Molecular	  events	  at	  chromosome	  14.	  	  
A-­‐C)	  ASCAT	  profiles	  for	  MAX-­‐associated	  tumors	  clearly	  shows	  chromosome	  14	  UPD	  with	  duplication	  of	  
one	  allele	  and	  deletion	  of	   the	  other.	   	  A)	  ASCAT	  profile	   for	  MAX_1	   tumor.	  B)	  ASCAT	  profile	   for	  MAX_2	  
tumor.	   C)	   ASCAT	   profile	   for	  MAX_3	   tumor.	   D)	   Circos	   plot	   showing	   heatmaps	   for	   the	   14q32.2	  miRNA	  
cluster	   located	   at	   chromosome	   14.	   Circos	   plot	   with	   heatmaps	   showing	   expression	   of	   large	   14q32.2	  
miRNA	  cluster	   for	  PPGL	  genetic	  groups.	   First	   track	   shows	  an	   ideogram	  representation	  of	   chromosome	  
14.	  PPGL	  genetic	  groups	  arranged	  (starting	  with	  outermost	  track)	  in	  following	  order:	  a)	  MAX,	  b)	  VHL,	  c)	  
SDHB,	   d)	   SDHD,	   e)	   RET,	   f)	   NF1,	   and	   g)	   TMEM127.	   Black	   arrow	   indicating	   miR-­‐382,	   which	   was	   up-­‐
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We	   did	   not	   observe	   any	   significant	   differences	   in	  DLK1	   expression	   for	  MAX-­‐associated	   tumors	  
(data	  not	  shown).	  However,	  we	  did	  find	  a	  highly	  significant	  down-­‐regulation	  of	  MEG3	  among	  MAX	  
mutant	   tumors	   relative	   to	   all	   other	   PPGLs	   (Figure	   4.3.4.	   A).	   Then	  we	   performed	   a	  MSP	   of	   the	  
MEG3	  promoter	   to	  assess	   the	  methylation	  status	  of	   this	   locus.	  As	  shown	   in	  Figure	  4.3.4	  B,	  MSP	  
analysis	   revealed	   loss	   of	   the	   unmethylated	   (maternal)	  MEG3	   allele	   in	   all	   three	  MAX-­‐associated	  
tumors.	  
Two	   alleles	   are	   clearly	   visible	   in	   control	   PPGL	   DNAs	   from	   other	   cluster	   2	   samples.	   During	   the	  
discovery	   of	   the	  MAX	   gene,	   Burnichon	   et	   al.	   elegantly	   provided	   evidence	   indicating	   that	   there	  
were	   actually	   two	   copies	   of	   chromosome	   14	   through	   retrospective	   analysis	   of	   CGH	   data	  
previously	   obtained	   for	   these	   three	   tumors	   to	   show	   that	   there	   were	   no	   gains	   or	   losses	   on	  
chromosome	   14	   62.	   Taken	   altogether,	   these	   evidences	   show	   that	   MAX-­‐associated	   tumors	   do	  
indeed	  have	  a	  chromosome	  14	  UPD.	  This	  also	  demonstrates	  the	  accuracy	  and	  the	  utility	  of	  high	  
density	   SNP-­‐array	   genotyping,	   as	   well	   as	   the	   ASCAT	   algorithm	   in	   these	   solid	   tumors	   to	   detect	  
chromosomal	  alterations,	  especially	  those	  involving	  copy	  neutral	  events.	  	  
	  
	  
Figure	  4.3.4.	  MEG3	  gene	  
expression	  and	  promoter	  
methylation.	  	  
MEG3	   is	   a	   noncoding	   RNA	  
located	   at	   chromosome	  
14q32.2.	   A)	   Average	   MEG3	  
expression	   in	   PPGL	   genetic	  
groups;	   B)	   Methylation	  
specific	   PCR	   of	   MEG3	  
promoter.	   Band	   at	   160bp	  
corresponds	   to	   the	  
methylated	   allele.	   The	   band	  
at	   120bp	   corresponds	   to	   the	  
unmethylated	   allele.	   Lanes	   1	  
to	   3	   contains	  MAX	   samples:	  
(1)	   MAX_1;	   (2)	   MAX_2;	   (3)	  
MAX_3.	  Lanes	  4	  to	  6	  contains	  
other	  "cluster	  2"	  samples:	  (4)	  
RET_5;	   (5)	  RET_7;	   (6)	  NF1_3.	  
Lane	   7	   contains	   (7)	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4.4.	  Part	  4.	  DNA	  methylation	  profiling	  in	  PPGL	  
Extensive	   clinical	   and	   genetic	   characterization	   over	   the	   last	   25	   years	   has	   greatly	   improved	   our	  
knowledge	  about	   the	  genetic	  basis	  underlying	   these	   tumors,	  but	   the	   lack	  of	   reliable	  markers	  of	  
malignancy	   continues	   to	   complicate	   disease	   management.	   Previous	   studies	   have	   described	  
molecular	  markers	  of	  varying	  nature,	  but	  their	  predictive	  values	  seem	  limited	  due	  to	  difficulties	  in	  
replicating	   in	   different	   populations	   175.	   Fortunately,	   recent	   improvements	   in	   high-­‐throughput	  
technologies	   have	   fueled	   advances	   in	   our	   understanding	   of	   biology.	   In	   this	   regard,	   DNA	  
methylation	   has	   become	   one	   of	   the	   most	   widely	   studied	   epigenetic	   modifications	   in	   human	  
pathogenesis,	  as	  well	  as	  in	  normal	  development.	  It	  is	  now	  recognized	  as	  an	  important	  epigenetic	  
mechanism	  that	  can	  influence	  gene	  expression	  independently	  from	  the	  genetic	  code	  and	  can	  be	  
inherited	  through	  cell	  divisions.	  
To	  date,	  only	  one	  genome	  wide	  study	  has	  been	  published	  evaluating	  DNA	  methylation	  patterns	  in	  
a	  large	  series	  of	  PPGLs	  66.	  Although	  the	  reasons	  behind	  the	  global	  hypermethylation	  observed	  in	  
SDHx-­‐related	  PPGLs	  have	  been	  amply	   investigated,	   the	  prognostic	  potential	  of	  DNA	  methylation	  
in	  PPGLs	  has	  yet	  to	  be	  explored	  in	  depth	  66.	  
In	   this	   study,	   we	   disposed	   of	   two	   independent	   methylomes	   from	   large	   and	   well-­‐characterized	  
series	  of	  PPGLs,	  used	  as	  a	  discovery	  series	  (DS)	  and	  as	  a	  validation	  series	  (VS1).	  This	  allowed	  us	  to	  
obtain	   a	   comprehensive	   insight	   into	   the	   DNA	  methylation	   landscape	   in	   this	   rare	   tumor.	   These	  
outstanding	   collections	   were	   enriched	   with	   malignant	   PPGLs	   that	   permitted	   us	   to	   identify	  
prognostic	  markers	  independent	  of	  genotype.	  	  We	  identified	  and	  validated	  52	  CpGs	  differentially	  
methylated	   between	  malignant	   and	   benign	   PPGLs.	  Moreover,	   48	   of	   these	   CpGs	   showed	   highly	  
significant	   associations	   with	   progression-­‐free	   survival	   (PFS)	   independently	   of	   tumor	   genetic	  
status,	  which	  suggest	  their	  potential	  use	  in	  the	  risk	  stratification	  of	  patients.	  	  Finally,	  we	  validated	  
hypermethylation	  of	  RDBP	  in	  another	  independent	  validation	  series	  (VS2)	  by	  pyrosequencing.	  
4.4.1.	  DNA	  methylation	  profiling	  in	  DS	  and	  VS1	  
DNA	  methylation	  data	  for	  DS	  tumors	  was	  deposited	  on	  gene	  expression	  omnibus	  under	  the	  GEO	  
accession	  number	  GSE62231,	  and	  the	  ten	  additional	  metastatic	  PPGLs	  of	  the	  VS1	  tumors	  from	  the	  
COMETE	   collection	   under	   the	   accession	   number	   GSE43298.	   Probes	   mapping	   to	   the	   X	   or	   Y	  
chromosomes	   (n=1085	   or	   n=7,	   respectively),	   as	   well	   as	   unreliable	   probes	   not	   detected	   with	  
p>0.01	  in	  more	  than	  5%	  of	  samples	  (n=1029),	  were	  removed.	  The	  remaining	  25,457	  probes	  were	  
used	   for	   subsequent	   analyses,	   and	   after	   preprocessing	   data,	   we	   obtained	   β-­‐	   and	   M-­‐values	   of	  
these	  CpGs	  for	  DS	  PPGLs.	  	  
M-­‐values	   are	   defined	   as	   log2	   (methylated	   probe	   intensity/unmethylated	   probe	   intensity).	  
Negative	  M-­‐values	  indicate	  less	  than	  50%	  methylation	  and	  positive	  M-­‐values	  indicate	  more	  than	  
50%	  methylation	   171.	  M-­‐value	   conversion	   corrects	   for	   the	   heteroskedasticity	   observed	   for	   beta-­‐
values,	   producing	   a	   homoskedastic	   distribution	   that	   is	  more	   appropriate	   for	   statistical	   analysis.	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Thus,	   M-­‐values	   were	   used	   for	   statistical	   analysis,	   while	   beta-­‐values	   were	   used	   for	   biological	  
interpretation.	  The	  Beta-­‐value	  is	  defined	  as	  the	  ratio	  between	  the	  methylated	  probe	  intensity	  and	  
the	   overall	   intensity	   (sum	   of	   methylated	   and	   unmethylated	   probe	   intensities)	   169.	   VS1	   DNA	  
methylation	  data	  was	  processed	  the	  same	  way	  as	  DS.	  	  
4.4.2.	  DNA	  methylation	  in	  PPGL	  strongly	  influenced	  by	  genetic	  background	  
Unsupervised	   analysis	   was	   performed	   using	   500	   probes	   with	   the	   highest	   variance	   across	   all	  
samples.	   	   Unsupervised	   hierarchical	   cluster	   analysis	   of	   DS	   tumors	   split	   samples	   into	   two	  main	  
clusters,	  cluster	  1	  and	  2	  (Figure	  4.4.1.	  A).	  Cluster	  1,	  enriched	  with	  VHL-­‐	  and	  SDHx-­‐related	  tumors,	  
can	   be	   subdivided	   into	   2	   subclusters	   (1A	   and	   1B).	   Subcluster	   1A	   contained	   seven	   out	   of	   eight	  
SDHB-­‐	  and	  all	  SDHD-­‐related	  tumors,	  as	  well	  as	  5	  WT	  PPGLs.	  	  
In	   total,	   subcluster	   1A	   was	   composed	   of	   15	   tumors	   of	   which	   6	   were	  malignant.	   Subcluster	   1B	  
contained	  22	  VHL-­‐,	  1	  SDHB-­‐,	  6	  RET-­‐,	  3	  NF1-­‐,	  and	  3	  EPAS1-­‐related	  PPGLs,	  as	  well	  as	  11	  WT	  tumors.	  
Subcluster	  1B	  contained	  9	  cases	  with	  metastases	  and	  37	  without.	  In	  addition	  to	  the	  remaining	  20	  
	  
Figure	  4.4.1.	  Unsupervised	  analyses	  of	  PPGL	  DNA	  methylation	  profiles	  	  
Unsupervised	  cluster	  analyses	  of	  PPGL	  samples	  based	  on	  their	  DNA	  methylation	  patterns.	  The	  top	  500	  
probes	  with	  the	  highest	  variance	  across	  all	  samples	  we	  used	  for	  unsupervised	  analyses.	  A)	  Hierarchical	  
cluster	  analysis:	  Distance	  was	  calculated	  by	  Pearson’s	  correlation	  method	  and	  CpGs	  were	  clustered	  by	  
complete	   linkage	   clustering	  method.	   Heatmap	   shown	   for	   top	   10	   CpGs.	   Hypermethylated	   CpGs	   are	  
shown	   in	   red,	   whereas	   hypomethylated	   CpGs	   are	   indicated	   in	   blue.	   “M”	   or	   “B”	   prefix	   in	   from	   of	  
sample	   names	   indicates	   	   “malignant”	   or	   “benign,”	   respectively.	   Cluster	   C1A	   (indicated	   by	   pale	   red	  
highlight)	   represented	   hypermethylator	   group,	   containing	   SDHx	   tumors.	   Cluster	   C1B	   (indicated	   by	  
green	   highlight)	   contained	   VHL	   and	   EPAS1	   tumors,	   with	   intermediate	   methylation.	   Cluster	   C2	  
(indicated	  by	  light	  blue	  highlight)	  had	  samples	  with	  lowest	  levels	  of	  global	  methylation	  and	  contained	  
RET,	   NF1,	   TMEM127,	   MAX,	   and	   HRAS	   tumors.	   B)	   K-­‐means	   clustering	   of	   DNA	  methylation	   profiles.	  




GENOMIC & GENETIC DISSECTION OF PPGL 
69	  
RET-­‐related	   tumors,	   cluster	   2	   contained	   5	   NF1-­‐,	   2	   HRAS-­‐,	   1	   TMEM127-­‐,	   1	   VHL-­‐,	   and	   1	   EPAS1-­‐
related	  PPGLs	  and	  28	  WT	  specimens.	  Nine	  of	  the	  62	  tumors	  in	  cluster	  C2	  were	  malignant.	  	  
To	   verify	   the	   result	   of	   the	   unsupervised	   hierarchical	   cluster	   analysis	   showing	   three	   distinct	  
clusters,	   we	   performed	   k-­‐means	   consensus	   clustering.	   According	   to	   this	   analysis,	   the	   optimal	  
classification	   defined	   3	   tumor	   subgroups	   as	   shown	   in	   Figure	   4.4.1.	   B.	   Cluster	  memberships	   for	  
unsupervised	  hierarchical	  cluster	  and	  consensus	  cluster	  analyses	  results	  were	  highly	  similar	  with	  a	  
93%	   (114/123)	   agreement	   for	   tumor	   classification	   between	   the	   two	   methods.	   Cluster	  
memberships	  for	  DS	  samples	  are	  provided	  in	  the	  last	  two	  columns	  in	  Supplementary	  Table	  4.4.1.	  
We	  generated	  a	  circus	  plot	   (Figure	  4.4.2)	  depicting	  methylation	   levels	   for	  the	  six	  genetic	  classes	  
(SDHB,	  VHL,	  EPAS1,	  RET,	  NF1,	   and	  MAX).	   The	   heatmaps	   in	   Figure	   4.4.2	   and	   box	   plots	   in	   Figure	  
4.4.3	   A	   clearly	   shows	   varying	   degrees	   of	   methylation	   among	   the	   six	   genetic	   groups	   of	   PPGLs.	  
SDHB-­‐related	  tumors	  had	  the	  highest	  levels	  of	  DNA	  methylation	  among	  the	  experimental	  groups.	  
VHL-­‐	  and	  EPAS1-­‐related	  PPGLs	  showed	  intermediate	  levels	  of	  DNA	  methylation,	  while	  RET-­‐,	  NF1-­‐,	  
and	  MAX-­‐related	   tumors	   had	   the	   lowest	   levels	   of	   DNA	  methylation.	   The	   difference	   in	   levels	   of	  
global	  DNA	  methylation	  was	   significant	  between	   the	  genotypes	   (ANOVA;	  P=0.001)	   (Figure	  4.4.3	  
A).	   These	   results	   verify	   that	   SDHB-­‐related	   tumors	   display	   a	   CpG	   island	   methylator	   phenotype	  
(high-­‐CIMP).	  
4.4.3.	  Supervised	  analyses	  identifies	  PPGL	  experimental	  group	  specific	  CpGs	  
Initially	  with	  PPGLs	   from	  DS1,	   comparisons	  between	   the	  different	  genetic	  groups	  and	   the	  SDHB	  
tumors	  identified	  numerous	  hypermethylated	  and	  hypomethylated	  CpGs	  (Table	  4.4.1).	  To	  validate	  
the	  above	  DNA	  methylation	  patterns	  associated	  with	  each	  genetic	  background,	  the	  same	  analyses	  
were	  performed	  in	  PPGLs	  from	  VS1.	  We	  filtered	  out	  those	  probes	  that	  were	  not	  significant	  and/or	  
with	   insufficient	  difference	   in	  methylation	   levels.	  We	  were	  able	   to	  perform	   these	  analyses	  with	  
VHL,	  RET,	  NF1,	  MAX,	  and	  SDHB	  mutated	  tumors	  in	  VS1,	  but	  we	  were	  not	  able	  to	  replicate	  results	  
with	   EPAS1	  mutant	   samples	   as	   none	  were	   available	   in	   VS1	   (Table	   4.4.1).	   To	   further	   determine	  
genotype	   specific	  CpGs,	   as	  well	   as	   those	   common	  among	  all	   genotypes,	  we	  performed	  another	  
Venn	  diagram	  analysis	  with	  these	  confirmed	  probes	  (Figure	  4.4.3	  B).	  As	  expected,	  CpGs	  for	  SDHB-­‐
related	  tumors	  were	  almost	  all	  hypermethylated,	  while	  the	  other	  experimental	  groups	  showed	  a	  





Table	  4.4.1.	  Differentially	  methylated	  CpGs	  for	  PPGL	  
experimental	  group	  comparisons	  
CpGs	  in	  DSa	   Replicated	  in	  VS1b	  	  
Comparison








VHL	  vs.	  SDHB	   143	   1265	   28	   1049	  
EPAS1	  vs.	  
SDHB	   4	   172	   N/Ad	   N/Ad	  RET	  vs.	  SDHB	   145	   1266	   8	   1114	  
NF1	  vs.	  SDHB	   12	   1476	   6	   1345	  
MAX	  vs.	  SDHB	   8	   782	   2	   560	  a)	   CpGs	   initially	   identified	   in	   Discovery	   Series.	   b)	   CpG	  successfully	   replicated	   in	   Validation	   Series	   1.	   c)	  Hypermethylated	   CpGs.	   d)	   Hypomethylated	   CpGs.	   d)	   Not	  available	  due	  to	  lack	  of	  EPAS1	  samples	  in	  VS1.	  
RESULTS 
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4.4.4.	  Potential	  pathways	  affected	  by	  PPGL	  DNA	  methylation	  	  
Using	  both	  David	  Bioinformatics	  Resources	  (DBR)	  and	  PantherDB,	  we	  performed	  pathway	  analysis	  
using	   genes	   corresponding	   to	   differentially	   methylated	   CpGs	   for	   each	   comparison	   between	  
genetic	   groups	   of	   PPGLs.	   Comparisons	   versus	   SDHB-­‐associated	   PPGLs	   showed	   enrichment	   in	  
pathways	   with	   key	   roles	   in	   tumorigenesis,	   such	   as	   "pathways	   in	   cancer",	   "MAPK	   signaling	  
pathway",	   "p53	   signaling	   pathways",	   "ECM-­‐receptor	   interaction",	   "focal	   adhesion",	   and	  
"apoptosis".	   Among	   the	   genes	   showing	   hypermethylation	   in	   SDHB-­‐related	   tumors,	   where	  
numerous	  well	   known	   tumor	   suppressor	   genes	   (TSGs)	   and	  mediators	  of	   apoptosis,	   as	   shown	   in	  
Figure	  4.4.2.	  	  
	  
	  
Figure	  4.4.2.	  Circos	  plot	  of	  CpG	  methylation	  levels	  for	  PPGL	  genetic	  groups.	  
From	   outside	   to	   in,	   first	   track	   provides	   chromosome	   cytobands,	   followed	   by	  
heatmaps	  (A-­‐F)	  showing	  DNA	  methylation	  for	  PPGL	  genetic	  groups	  with	  mutations	  in:	  
(A)	   SDHB,	   (B)	   VHL,	   (C)	   EPAS1,	   (D)	   RET,	   (C)	  NF1,	   and	   (F)	  MAX.	   Well	   known	   tumor	  
suppressor	   genes	   are	   indicated	   by	   purple	   dot.	   Genes	   with	   functions	   in	   apoptotic	  
signaling	  are	  indicated	  by	  red	  dot.	  Genes	  involved	  with	  WNT	  signaling	  are	  indicated	  
with	  a	  yellow	  dot.	  Green	  dots	  indicate	  genes	  involved	  in	  catecholamine	  biosynthesis	  
and	  secretion.	  Heatmap	  legend	  in	  center:	  DNA	  methylation	  shown	  as	  β-­‐values	  with	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The	  most	  over-­‐represented	  pathways	  among	  VHL-­‐,	  RET-­‐,	  NF1-­‐,	  and	  MAX-­‐related	  tumors	  relative	  
to	   their	   SDHB	   counterparts	   was	   the	   "WNT	   signaling"	   pathway,	   followed	   by	   the	   "cadherin	  
signaling",	   "angiogenesis",	   "integrin	   signaling",	   and	   "adrenaline	  and	  noradrenaline	  biosynthesis"	  
pathways.	   As	   shown	   in	   Figure	   4.4.2.,	   VHL-­‐,	   RET-­‐,	   NF1-­‐,	   and	   MAX-­‐related	   tumors	   showed	  
hypomethylation	  of	  key	  components	  involved	  in	  "WNT	  signaling".	  
Among	  the	  genes	  in	  the	  adrenaline	  and	  noradrenaline	  biosynthesis	  and	  signaling	  pathways	  (Figure	  
4.4.2.),	   differential	   methylation	   of	   PNMT	   (phenylethanolamine	   N-­‐methyltransferase)	   and	   NET	  
(norepinephrine	   transporter,	  SLC6A2)	  was	  of	   particular	   interest.	  PNMT	  was	   hypermethylated	   in	  
SDHB-­‐related	   PPGLs,	   while	   RET	   mutant	   specimens	   showed	   the	   lowest	   levels	   of	   methylation.	  
Interestingly,	   VHL	   and	  MAX	   PPGLs	   showed	   intermediate	   and	   low	   levels	   of	   PNMT	  methylation,	  
respectively.	   Although	   this	   study	   only	   included	   two	   HRAS-­‐associated	   PPGLs,	   we	   observed	  
hypomethylation	   of	   PNMT	   in	   these	   tumors	   (data	   not	   shown).	   	   Also	   of	   interest	   was	   the	  
hypermethylation	  of	  MEG3	  (maternally	  expressed	  gene	  3)	  in	  MAX-­‐related	  PPGLs.	  
	  
4.4.5.	  CpGs	  associated	  with	  malignancy	  and	  progression	  
Initial	  selection	  of	  CpG	  candidates	  from	  DS	  PPGLs,	   identified	  86	  differentially	  methylated	  probes	  
(with	  FDR<0.10,	  Δβ>|0.2|,	  and	  present	  in	  at	  least	  50%	  of	  metastatic	  tumors).	  Fifty-­‐two	  CpGs	  were	  
successfully	  replicated	  in	  VS1	  (Table	  4.4.2).	  As	  shown	  in	  the	  heatmaps	  in	  Figure	  4.4.4	  A,	  there	  was	  
a	  high	  degree	  of	  concordance	  in	  methylation	  levels	  for	  these	  52	  CpGs	  (corresponding	  to	  47	  genes)	  
between	  those	  tumors	  with	  and	  without	  metastases	  in	  DS	  and	  VS1.	  
	  
Figure	  4.4.3.	  Global	  DNA	  methylation	  and	  group	  specific	  CpGs.	  	  
A)	  Global	  DNA	  methylation	  levels	  for	  each	  PPGL	  genetic	  group.	  Global	  DNA	  methylation	  represented	  
as	   β-­‐values	   (0<β<0.5:	   Hypomethylated;	   0.5<β<1:	   hypermethylated).	   B)	   Group-­‐specific	   CpGs.	  Venn	   diagram	   analysis	   performed	  with	   only	   those	   CpGs	   that	   had	   been	   replicated	   in	   VS1.	   All	  comparisons	  were	  performed	  relative	  to	  SDHB	   tumors.	  Thus,	   the	  361	  "hypomethylated"	  CpGs	  indicated	   in	   the	   SDHB	  box	   (red)	  means	   that	   these	  CpGs	  were	  hypomethylated	   relative	   to	   the	  other	  experimental	  groups.	  Thus,	  these	  361	  CpGs	  were	  actually	  hypermethylated	  in	  SDHB.	  	  
RESULTS 
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Figure	   4.4.4.	   Circos	   plot	   showing	   52	   validated	   malignancy-­‐associated	   CpGs.	   Outermost	  
track	   provides	   ideogram	   for	   all	   chromosomes,	   except	   chromosomes	   14,	   18,	   21,	   22,	   X,	   and	   Y.	  
Heatmaps	   show	   methylation	   levels	   for	   52	   validated	   CpG	   associated	   with	   PPGL	   malignancy.	   a)	  
Tumors	  with	  metastasis	  in	  Discovery	  series	  (DS).	  b)	  Tumors	  without	  metastasis	  in	  DS.	  c)	  Tumors	  with	  
metastasis	   in	  Validation	   Series	   1	   (VS1).	   d)	   Tumors	  without	  metastasis	   in	  VS1.	  Green	  dots	   indicate	  
gene	   with	   functions	   in	   nervous	   system	   development,	   while	   genes	   involved	   with	   transcriptional	  
regulation	  at	  gene	  promoters	  are	  indicated	  by	  orange	  dots.	  Hypermethylated	  CpGs	  are	  indicated	  in	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As	  we	  were	   interested	   in	   finding	  CpGs	  associated	  with	  malignant	  behavior,	  we	  verified	   that	   the	  
above	   probes	   were	   not	   included	   among	   those	   reported	   by	   Letouzé	   and	   colleges	   as	   associated	  
with	   SDHB-­‐related	   tumors	   66.	   Survival	   analyses	   were	   performed	   using	   277	   tumors	   of	   which	   48	  
were	  malignant.	  Forty-­‐eight	  out	  from	  the	  52	  CpGs	  described	  	  
above	  showed	  significant	  associations	  with	  progression	  free	  survival	  (PSF),	  even	  after	  adjusting	  for	  
the	   presence	   of	   SDHB	   mutations,	   series	   origin,	   and	   multiple	   testing	   including	   all	   the	   probes	  
(FDR<0.1),	  shown	  in	  Table	  4.4.2.	  
	  
Table	  4.4.2.	  Confirmed	  CpGs	  associated	  with	  PPGL	  malignancy	  
Discovery	  Series	   Validation	  Series	  1	   Cox	  Regression	  
Probe	  IDa	   Gene	  
Δβb	   %Mc	   FDRd	   Δβb	   %M
c	  
FDRd	   Hazarde	   FDRd,f	  cg25781162	   ABCG5	   0.21	   62.5	   0.04473	   0.27	   66.7	   4.2E-­‐05	   1.6	  (1.2-­‐2.1)	   0.053	  cg06810461	   AGRP	   0.26	   70.8	   0.01856	   0.43	   83.3	   1.0E-­‐06	   1.8	  (1.4-­‐2.4)	   0.006	  cg08946332	   ALOX12	   0.22	   66.7	   0.02038	   0.27	   50.0	   0.00024	   2.5	  (1.2-­‐2.0)	   0.036	  cg19324627	   APOA1	   0.22	   62.5	   0.04037	   0.20	   62.5	   0.00787	   1.5	  (1.0-­‐2.1)	   0.182	  cg20029201	   BCL9L	   0.21	   62.5	   0.04178	   0.34	   54.2	   2.2E-­‐06	   1.8	  (1.3-­‐2.4)	   0.012	  cg17706173	   TMEM204	   0.29	   70.8	   0.0028	   0.29	   50.0	   2.7E-­‐06	   1.7	  (1.4-­‐2.3)	   0.005	  cg11599505	   VSTM2L	   0.43	   58.3	   0.0707	   0.50	   58.3	   1.3E-­‐06	   1.4	  (1.2-­‐1.7)	   0.023	  cg25994725	   ARMC12	   0.20	   50.0	   0.08303	   0.31	   50.0	   2.0E-­‐05	   1.5	  (1.1-­‐2.1)	   0.095	  cg23704362	   C8orf46	   0.21	   50.0	   0.00848	   0.33	   62.5	   3.3R-­‐07	   1.9	  (1.4-­‐2.6)	   0.014	  cg07426960	   CCND1	   0.21	   83.3	   0.0094	   0.30	   83.3	   6.6E-­‐06	   1.9	  (1.3-­‐2.7)	   0.022	  cg13608094	   CCND1	   0.22	   58.3	   0.01253	   0.31	   83.3	   3.3E-­‐05	   1.5	  (1.2-­‐2.0)	   0.028	  cg25203980	   ACAP3	   0.23	   75.0	   0.01253	   0.43	   70.8	   8.1E-­‐08	   2.0	  (1.5-­‐2.6)	   0.001	  cg18565510	   ACAP3	   0.20	   79.2	   0.02306	   0.32	   75.0	   3.1E-­‐08	   2.0	  (1.5-­‐2.6)	   0.002	  cg20802392	   CTSK	   0.22	   62.5	   0.02306	   0.36	   62.5	   4.7E-­‐07	   2.0	  (1.4-­‐2.8)	   0.007	  cg00986320	   CYFIP2	   0.24	   66.7	   0.05905	   0.30	   66.7	   1.4E-­‐05	   2.1	  (1.5-­‐2.9)	   0.006	  cg06436504	   FILIP1L	   0.28	   75.0	   0.00024	   0.24	   50.0	   1.0E-­‐06	   2.1	  (1.6-­‐2.9)	   0.002	  cg08972170	   C7orf41	   0.39	   54.2	   0.00605	   0.47	   54.2	   1.5E-­‐07	   1.7	  (1.3-­‐2.1)	   0.005	  cg00226923	   FGD2	   0.22	   79.2	   0.04389	   0.33	   79.2	   0.00012	   1.5	  (1.2-­‐2.0)	   0.045	  cg09076584	   SGK494	   0.28	   70.8	   0.00382	   0.34	   83.3	   6.4R-­‐08	   2.4	  (1.7-­‐3.4)	   0.001	  cg22686523	   SGK494	   0.26	   83.3	   0.01037	   0.36	   79.2	   2.7E-­‐07	   2.5	  (1.6-­‐3.8)	   0.006	  cg19782598	   SLAIN1	   0.25	   62.5	   0.04932	   0.35	   70.8	   6.1E-­‐07	   2.1	  (1.5-­‐2.9)	   0.006	  cg19987219	   KNCN	   0.22	   70.8	   0.0552	   0.39	   79.2	   1.7R-­‐05	   1.5	  (1.1-­‐1.9)	   0.054	  cg10710439	   ZNF781	   0.22	   62.5	   0.0051	   0.22	   70.8	   0.00011	   1.6	  (1.2-­‐2.2)	   0.038	  cg04143809	   SLC38A11	   0.24	   75.0	   0.00157	   0.26	   54.2	   1.6E-­‐05	   2.1	  (1.5-­‐3.0)	   0.006	  cg01169778	   GBGT1	   0.25	   58.3	   0.04516	   0.42	   70.8	   8.7E-­‐08	   1.9	  (1.5-­‐2.4)	   0.001	  cg23749046	   GPR61	   0.21	   75.0	   0.07435	   0.26	   62.5	   0.05922	   1.2	  (0.9-­‐1.5)	   0.500	  cg05446471	   HDAC11	   0.20	   79.2	   0.04394	   0.26	   75.0	   0.00067	   1.4	  (1.1-­‐1.8)	   0.078	  cg25141490	   IL17B	   0.22	   58.3	   0.01456	   0.47	   75.0	   5.3E-­‐07	   2.0	  (1.5-­‐2.7)	   0.004	  cg01169610	   INPP4A	   0.21	   66.7	   0.06837	   0.23	   62.5	   0.00114	   1.4	  (1.4-­‐1.9)	   0.129	  cg02838492	   KIF12	   0.25	   58.3	   0.00294	   0.28	   79.2	   9.8E-­‐07	   1.8	  (1.4-­‐2.3)	   0.001	  cg26917999	   LZTS1	   0.23	   62.5	   0.04651	   0.27	   50.0	   8.3E-­‐05	   1.5	  (1.1-­‐2.0)	   0.089	  cg20189782	   FNDC9	   0.23	   70.8	   0.00705	   0.31	   62.5	   1.2E-­‐06	   1.8	  (1.3-­‐2.4)	   0.012	  cg26790059	   FNDC9	   0.21	   70.8	   0.036	   0.31	   87.5	   1.0E-­‐06	   1.8	  (1.3-­‐2.4)	   0.012	  cg09748975	   MSX1	   0.20	   62.5	   0.01988	   0.36	   54.2	   1.1E-­‐07	   1.5	  (1.2-­‐1.9)	   0.012	  cg01657380	   NPFF	   0.31	   62.5	   0.00428	   0.29	   66.7	   8.7E-­‐08	   2.1	  (1.5-­‐2.8)	   0.002	  cg00626119	   NTRK1	   0.23	   62.5	   0.00092	   0.20	   54.2	   1.1E-­‐05	   1.8	  (1.3-­‐2.6)	   0.029	  cg10586756	   NUP93	   0.28	   66.7	   0.03922	   0.39	   62.5	   2.3E-­‐06	   1.8	  (1.3-­‐2.4)	   0.013	  cg01982597	   PGBD3	   0.23	   66.7	   0.02358	   0.30	   75.0	   8.7E-­‐08	   2.3	  (1.6-­‐3.3)	   0.002	  cg25514304	   PSEN2	   0.20	   50.0	   0.0389	   0.39	   50.0	   4.2E-­‐07	   1.8	  (1.3-­‐2.4)	   0.013	  cg23412777	   PYGO1	   0.29	   50.0	   0.02347	   0.33	   62.5	   4.0E-­‐08	   2.0	  (1.5-­‐2.6)	   0.002	  cg21554552	   RASSF1	   0.30	   58.3	   0.01604	   0.24	   50.0	   0.00027	   1.4	  (1.1-­‐1.7)	   0.052	  cg06351503	   RDBP	   0.25	   50.0	   0.00103	   0.30	   70.8	   4.0E-­‐07	   2.1	  (1.6-­‐2.8)	   0.001	  cg06303238	   SALL4	   0.29	   50.0	   0.00983	   0.26	   50.0	   2.5E-­‐06	   1.7	  (1.3-­‐2.1)	   0.006	  cg26705561	   SEC31B	   0.21	   66.7	   0.01526	   0.31	   54.2	   5.2E-­‐06	   1.8	  (1.3-­‐2.5)	   0.018	  cg07675682	   SGSH	   0.25	   66.7	   0.00113	   0.30	   66.7	   8.2E-­‐07	   2.2	  (1.5-­‐3.0)	   0.005	  cg05140736	   SGSH	   0.26	   75.0	   0.00144	   0.38	   54.2	   7.5E-­‐07	   1.7	  (1.3-­‐2.2)	   0.009	  cg09276451	   VASN	   0.23	   66.7	   0.00762	   0.24	   50.0	   0.00034	   1.4	  (1.3-­‐1.9)	   0.189	  cg01861509	   SPOCK2	   0.27	   83.3	   0.01892	   0.39	   70.8	   4.6E-­‐05	   1.7	  (1.3-­‐2.2)	   0.017	  cg21611708	   TGM3	   0.25	   66.7	   0.0279	   0.28	   66.7	   0.00135	   1.5	  (1.2-­‐2.0)	   0.050	  cg24877842	   TRAK1	   0.23	   83.3	   0.00092	   0.20	   54.2	   6.8E-­‐05	   2.0	  (1.4-­‐2.7)	   0.007	  cg15480475	   TUB	   0.28	   70.8	   0.00171	   0.36	   70.8	   2.5E-­‐07	   2.0	  (1.5-­‐2.7)	   0.002	  cg05492113	   TUB	   0.28	   70.8	   0.00294	   0.33	   79.2	   4.9E-­‐07	   2.2	  (1.6-­‐3.2)	   0.005	  a)	   Illumina	   27k	   probe	   ID.	   b)	   Δβ	   =	   βmalignant-­‐βBenign.	   c)	   %M:	   Percent	   malignant	   tumors	   with	  alteration.	  d)	  FDR:	  False	  discovery	  rate,	  corrected	  over	  all	  probes	  in	  analysis	  (n=25,457).	  e)	  Hazard	  ratio	  (95%	  confidence	  interval)	  f)	  FDR	  corrected	  for	  SDHB	  mutation	  status	  and	  series	  origin.	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Pathway	  analysis	  performed	  with	  genes	  corresponding	  to	  these	  52	  CpGs	  indicated	  that	  biological	  
processes	  involving	  "regulation	  of	  transcription	  from	  RNA	  polymerase	  II	  promoter"	  and	  "nervous	  
system	  development"	  were	  potentially	  affected	  (indicated	  in	  Figure	  4.4.4.).	  
4.4.6.	  Validation	  of	  malignancy-­associated	  CpGs	  by	  Pyrosequencing	  
To	  further	  confirm	  our	  results,	  we	  selected	  three	  malignancy-­‐associated	  CpGs	  for	  validation	  in	  an	  
independent	  series	  of	  FFPE	  PPGLs	  (VS2),	  which	  contained	  19	  metastatic	  tumors.	  These	  three	  CpGs	  
corresponded	   to	   the	   following	   genes:	   RDBP,	   HDAC11	   (histone	   deacetylase	   11),	   and	   CYFIP2	  
(cytoplasmic	   FMR1	   interacting	   protein	   2).	   As	  mentioned	   above,	   these	   three	   CpGs	   also	   showed	  
highly	   significant	   associations	   with	   progression	   free	   survival	   (Figure	   4.4.5.	   A-­‐C).	   Of	   the	   CpGs	  
selected	  for	  validation,	  hypermethylation	  of	  RDBP	   in	  malignant	  PPGL	  was	  confirmed	  in	  VS2	  with	  
an	  average	  methylation	  of	  39.2%	   in	   tumors	  without	  metastases	  and	  68.0%	   in	  malignant	   tumors	  
(p=0.003).	  
4.4.7.	  RDBP	  KO	  in	  T47D	  cells	  and	  PPGLs	  
To	   identify	   potential	   RDBP	   target	   genes,	  we	  downloaded	  gene	  expression	  data	   for	   T47D	  breast	  
cancer	  cells	  with	  and	  without	  RDBP	  knockout	  from	  GEO	  under	  accession	  number	  GSE19940	  153.	  In	  
total,	   700	   genes	   were	   differentially	   expressed	   upon	   RDBP	   knockdown	   (FDR<0.05	   and	   Log2-­‐
fold>|1.0|).	   Among	   these,	   many	   important	   genes	   were	   downregulated,	   such	   as	   PDZK1,	   RERG,	  
GPX3,	  TIMP1,	  and	  CDKN2C,	  We	  also	  observed	  a	  mild,	  but	  significant	  induction	  of	  JUNB	  upon	  RDBP	  
knockout	   in	   the	   T47D	   cell	   data.	   Pathway	   analysis	   of	   differentially	   expressed	   genes	   showed	  
enrichment	   in	   "DNA	   replication"	   and	   "p53	   signaling	   pathway",	   "WNT	   signaling",	   "cell	   cycle",	  
"homologous	   recombination",	   "mismatch	   repair",	   "nucleotide	   excision	   repair",	   "Integrin	  
signaling",	   "inflammation	   mediated	   by	   chemokine	   and	   cytokine	   signaling",	   and	   "FAS	   signaling"	  
pathways.	  	  
Using	  previously	  available	  gene	  expression	  data,	  we	   found	  decreased	  expression	  of	  PDZK1	   (PDZ	  
domain	   containing	   1),	   RERG	   (Ras-­‐like,	   estrogen-­‐regulated,	   growth-­‐inhibitor),	   and	   GPX3	  
(glutathione	  peroxidase	  3)	  genes	  in	  metastatic	  PPGL.	  Unfortunately,	  we	  could	  not	  evaluate	  RDBP	  
expression	   in	   this	   dataset	   as	   this	   gene	   was	   not	   represented	   in	   the	   gene	   expression	   array.	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5.1.	  Part	  1.	  MicroRNA	  expression	  in	  PPGL	  	  
During	   the	   execution	   of	   this	   study,	   three	   miRNA	   expression	   profiling	   studies	   in	   PPGL	   were	  
published	   121-­‐123.	   Meyer-­‐Rochow	   and	   coworkers	   analyzed	   miRNA	   expression	   in	   a	   cohort	   of	   12	  
malignant	  and	  12	  benign	  PPGL	  121.	   In	  this	  study,	  miR-­‐483-­‐5p,	  as	  well	  as	  its	  host	  gene	  (IGF2),	  was	  
upregulated	   in	  malignant	   tumors,	  while	   loss	   of	  miR-­‐15a	   and	  miR-­‐16	  was	   reported	   in	  malignant	  
PPGLs	   121.	   In	   another	   study,	   Tombol	   et	   al.	   investigated	   miRNA	   expression	   in	   VHL	   mutant,	   RET	  
mutant,	  NF1	   mutant,	   sporadic	   benign,	   and	   sporadic	   recurring	   tumors,	   totaling	   21	   samples	   122.	  
Latter,	  Patterson	  and	  colleges	  studied	  miRNA	  expression	  in	  69	  tumors	  containing	  12	  SDHB,	  9	  RET,	  
1	  VHL,	  and	  1	  NF1	  mutants	  123.	  
Although	   miRNA	   expression	   in	   some	   genetic	   groups	   of	   PPGLs	   have	   been	   investigated	   in	   small	  
sample	   sizes	   of	   tumors,	  miRNA	  expression	   has	   not	   been	   thoroughly	   studied	   and	   remains	   to	   be	  
characterized	  in	  other	  genetic	  groups	  of	  PPGLs.	  The	  availability	  of	  a	   large	  and	  well	  characterized	  
cohort	  of	  tumors	  of	  diverse	  genetic	  background	  and	  normal	  adrenal	  medulla	  tissues	  allowed	  us	  to	  
identify	   not	   only	   miRNAs	   specific	   to	   PPGL	   genetic	   background,	   but	   also	   microRNAs	   commonly	  
deregulated	  among	  all	  PPGLs.	  To	  verify	  our	  miRNA	  expression	  profiles	  we	  selected	  and	  validated	  
eight	   miRNAs	   in	   an	   independent	   series	   of	   paraffin	   embedded	   PPGLs	   by	   RT-­‐qPCR,	   which	  
demonstrated	  their	  utility	  as	  molecular	  markers.	  	  
5.1.1.	  PPGLs	  classified	  according	  to	  miRNA	  expression	  
Global	  miRNA	  expression	  profiling	  was	  performed	  in	  a	  large	  series	  of	  PPGLs	  with	  diverse	  genetic	  
backgrounds.	   Unsupervised	   hierarchical	   cluster	   analysis	   of	   miRNA	   expression	   levels	   classified	  
PPGL	  specimens	  into	  two	  main	  clusters:	  cluster	  1	  containing	  VHL/SDHB/SDHD/nAM	  samples	  and	  
cluster	  2	  with	  RET/NF1/MAX/TMEM127	  tumors.	  Our	  findings	  demonstrate	  that	  miRNA	  expression	  
profiles	   are	   capable	   of	   classifying	   PPGL	   specimens	   into	   different	   tumor	   subgroups	   according	   to	  
genetic	   background	  with	  equal	   or	   better	   accuracy	   than	  previous	   studies	  with	  mRNA	  expression	  
profiles.	  	  
5.1.2.	  miRNA	  as	  markers	  in	  PPGL	  
We	  identified	  miRNAs	  specific	  to	  PPGL	  genetic	  background	  (Figure	  4.1.2.).	  Of	  our	  reduced	  list	  of	  
candidates,	   eight	  miRNAs	   specific	   to	  or	   common	  among	  genetic	   group(s)	  were	   validated	   in	   this	  
study.	  Among	  them,	  upregulation	  of	  miR-­‐885-­‐5p	  and	  miR-­‐488	  was	  unique	  to	  RET-­‐related	  PPGLs;	  
the	   former	  miRNA	  was	  also	  described	  by	  Tombol	  et	  al	   (2010)	  as	  a	  RET-­‐specific	  and	   reported	   to	  
suppress	   cell	  migration	   through	  modulation	   of	   focal	   adhesion	   activity	   122,176.	   In	   neuroblastoma,	  
miR-­‐885-­‐5p	   has	   been	   reported	   as	   a	   tumor	   suppressor	   gene,	   which	   targets	   cyclin-­‐dependent	  
kinase	   2	   (CDK2)	   and	   mini-­‐chromosome	   maintenance	   protein	   5	   (MCM5)	   177.	   Although	   further	  
studies	  are	  necessary	  to	  determine	  the	  precise	  roles	  played	  by	  these	  miRNAs	  in	  these	  tumors,	  it	  is	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clear	  that	  upregulation	  of	  miR-­‐488	  and	  miR-­‐885-­‐5p	  is	  RET	  specific	  and	  could	  in	  part	  explain	  their	  
relatively	  benign	  nature.	  
Upregulation	   of	   miR-­‐133b,	   whose	   function	   appears	   to	   be	   cell-­‐type	   specific,	   was	   confirmed	   as	  
unique	  to	  VHL-­‐related	  PPGLs.	  It	  has	  been	  reported	  that	  this	  miRNA	  targets	  PITX3	  to	  regulate	  the	  
maturation	   and	   function	   in	  midbrain	   dopaminergic	   neurons,	  while	   it	   suppresses	   BMP2-­‐induced	  
osteogenesis	   by	   targeting	   runt-­‐related	   transcription	   factor	   2	   (RUNX2)	   178,179.	   Moreover,	   its	  
downregulation	  promoted	  tumorigenesis	   in	  esophageal	   squamous	  cell	   carcinoma	  and	  colorectal	  
cancer	  by	   targeting	   fascin	  homolog	  1	   (FSCN1)	   180.	  Thus,	   it	   is	  difficult	   to	   speculate	  as	   to	  whether	  
miR-­‐133b	  functions	  as	  an	  oncogene	  or	  a	  tumor	  suppressor	  gene	  in	  VHL-­‐related	  PPGLs,	  and	  further	  
studies	  are	  warranted	  to	  determine	  its	  role	  in	  the	  context	  of	  these	  tumor	  cells.	  
5.1.3.	  VHL	  and	  SDHB	  tumors	  overexpress	  pseudohypoxic	  miRNA	  
MicroRNA-­‐210	  was	  found	  robustly	  and	  moderately	  upregulated	  in	  VHL-­‐	  and	  SDHB-­‐related	  PPGLs,	  
respectively.	  Overexpression	  of	  miR-­‐210	  has	  been	  described	  in	  many	  hypoxic	  tumors	  181-­‐183,	  such	  
that	  its	  upregulation	  in	  VHL	  and	  SDHB	  mutant	  PPGLs	  was	  not	  surprising	  given	  their	  pseudohypoxic	  
gene	  signature	  32,102,103,106,184,185.	  miR-­‐210	  modulates	  the	  cellular	  hypoxic	  response	  through	  a	  wide	  
range	  of	  actions.	   Its	  promoter	  contains	  a	   functioning	   	  hypoxia	   response	  element,	   recognized	  by	  
HIF1α,	  which	  induces	  its	  transcription	  upon	  exposure	  to	  hypoxia	  182.	  The	  higher	  expression	  of	  miR-­‐210	   in	   VHL-­‐	   vs.	   SDHB-­‐associated	   PPGLs	   reported	   here	   is	   also	   consistent	   with	   our	  previous	  mRNA	  expression	  profiling	  results	  102,	  which	  indicated	  a	  predominant	  stabilization	  of	   HIF1α	   in	   VHL-­‐	   compared	   with	   SDHB-­‐related	   PPGLs,	   as	   reflected	   by	   the	   more	   robust	  induction	  of	  HIF1α	  target	  genes,	  including	  miR-­‐210	  in	  the	  former.	  
5.1.4.	  SDHB-­specific	  miR-­183/96	  facilitate	  escape	  from	  neuronal	  apoptosis	  In	  addition	  to	  miR-­‐183,	  which	  was	  recently	  reported	   in	  PPGLs	  123,	  we	  also	   identified	  robust	  Overexpression	  of	  miR-­‐96	  uniquely	  in	  SDHB-­‐associated	  tumors.	  Previously,	  	  Vohwinkel	  et	  al.	  reported	  that	  high	  CO2	  levels	  induced	  miR-­‐183	  and	  observed	  a	  decrease	  in	  IDH2	  mRNA	  and	  protein,	  but	  the	  miR-­‐183-­‐IDH2	  interaction	  was	  not	  conclusively	  confirmed	  186.	  Although	  the	  exact	   role	   of	   IDH1/2	   in	   tumorigenesis	   is	   unclear,	   these	   enzymes	   convert	   isocitrate	   to	   α-­‐ketoglutarate,	   which	   is	   a	   citrate	   acid	   cycle	   metabolite	   and	   a	   cofactor	   for	   more	   than	   60	  enzymes,	   known	   as	   2-­‐oxoglutarate	   (2-­‐OG)-­‐dependent	   dioxygenases,	   including	   EGL-­‐Nine	  (EGLN)	   homologs	   185,187.	   IDH1/2	   mutations	   decrease	   availability	   of	   2-­‐OG	   resulting	   in	   both	  altered	   cellular	   metabolism	   and	   inhibition	   of	   enzymes	   that	   require	   it	   as	   a	   cofactor	   185,187.	  Taking	  into	  account	  the	  fundamental	  role	  of	  EGLN3	  in	  mediating	  neuronal	  apoptosis	  during	  normal	   development	   18,74	   and	   that	   succinate	   accumulation	   due	   to	   an	   SDHB	   mutation	  competitively	   inhibits	   EGLN3	   activity	   18,74,185,	   we	   suggest	   that	   miR-­‐183	   overexpression	   in	  
SDHB-­‐related	  PPGLs	  could	   further	   contribute	   to	  EGLN3	   inhibition,	  by	  downregulating	   IDH2	  and	   thus	   decreasing	   α-­‐ketoglutarate	   availability,	   in	   agreement	   with	   the	   recent	   findings	  reported	  by	  Tanaka	  et	  al.	  in	  glioma	  cells	  188.	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5.1.5.	  Differential	  expression	  of	  miRNAs	  in	  MAX	  tumors	  
Two	  miRNAs,	  miR-­‐137	  and	  miR-­‐382	  were	  overexpressed	  in	  most	  PPGLs,	  and	  therefore	  can	  be	  regarded	  as	  general	  PPGL	  markers.	   In	  MAX-­‐associated	   tumors,	  however,	   these	   two	  miRNAs	  were	  downregulated,	  thus	  suggesting	  that	  MAX	  mutations	  could	  result	  in	  distinct	  alterations	  of	   miRNA	   expression	   in	   comparison	   to	   other	   PPGL	   genetic	   groups.	   MiRNA-­‐137	   has	   been	  described	  to	  modulate	  differentiation,	  maturation,	  and	  proliferation	  of	  neurons	  by	  targeting	  several	   genes,	   such	   as	   RUNX2	   and	   histone	   H3	   Lys4	   demethylase	   (KDM5B)	   189.	   In	  osteosarcoma	   cells,	   miR-­‐382	   has	   been	   shown	   to	   induce	   both	   differentiation	   followed	   by	  apoptosis	   and	   loss	   of	   epithelial	   characteristics	   in	   renal	   cells	   190,191.	   Interestingly,	   the	   c-­MYC	  (MYC)	   oncogene	   is	   among	   the	   validated	  miR-­‐382	   targets	   190,	   this	  might	   be	   relevant	   as	   the	  product	  of	  the	  MAX	  gene	  forms	  part	  of	  the	  c-­‐MYC	  transcriptional	  network.	  
5.1.6.	  Closing	  remarks	  
In	   summary,	   we	   have	   demonstrated	   that	   miRNA	   expression	   in	   PPGL	   is	   strongly	   influenced	   by	  
genetic	  background.	  PPGLs	  were	  grouped	  into	  two	  clusters	  according	  to	  their	  miRNA	  signatures:	  
one	   was	   enriched	   in	   SDHB/SDHD/VHL-­‐related	   tumors,	   while	   the	   other	   contained	  
RET/NF1/TMEM127/MAX-­‐	   related	   tumors,	   in	   accordance	  with	   the	   results	   obtained	   for	   previous	  
mRNA	   transcriptional	   profiling	   studies	   102,103,105,106.	   In	   addition,	   it	   was	   possible	   to	   identify	   and	  
validate	  several	  miRNAs	  associated	  with	  the	  primary	  mutation,	  as	  well	  as	  miRNAs	  common	  among	  
PPGLs,	  which	  could	  be	  used	  to	  guide	  genetic	  study.	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5.2.	  Part	  2.	  Integration	  of	  miRNA-­mRNA	  expression	  
MicroRNAs	   play	   critical	   roles	   in	   regulating	   various	   biological	   processes,	   as	   well	   as	   in	   tumor	  
pathogenesis	  192.	  It	  is	  estimated	  that	  one	  third	  of	  all	  metazoan	  protein-­‐coding	  genes	  are	  subject	  to	  
regulation	  by	  miRNAs.	  miRNAs	  bind	  to	  semi-­‐complimentary	  sites	  at	  the	  3'-­‐UTR	  of	  targeted	  mRNA,	  
which	   can	   result	   in	   transcript	   degradation	   and/or	   translational	   truncation	   60,116,	   and	   thus	   can	  
affect	   gene	   expression.	   One	   miRNA	   can	   target	   several	   genes	   116.	   Therefore,	   deregulation	   of	  
relatively	  few	  miRNAs	  could	  have	  global	  consequences.	  
After	  having	  characterized	  miRNA	  expression	  in	  PPGLs,	  the	  second	  objective	  of	  this	  study	  focused	  
on	   investigating	  potential	  biological	   implications	  of	  aberrant	  miRNA	  expression	   in	   these	  tumors.	  
Integration	   of	  matched	  miRNA	   and	  mRNA	   expression	   profiles	   identified	  miRNA-­‐regulated	   gene	  
expression	  networks	  that	  may	  contribute	  to	  PPGL	  pathogenesis.	  These	  results	  indicated	  that	  miR-­‐
183	   and	   miR-­‐96,	   which	   we	   previously	   validated	   as	   SDHB-­‐specific	   miRNAs,	   could	   affect	  
neuronal/neuroendocrine-­‐like	  differentiation	  174.	  To	  test	  this	  hypothesis,	  a	  series	  of	  experiments	  
were	  designed	  and	  performed,	  including	  functional	  studies	  in	  PC12	  cells	  and	  proteomic	  analyses	  
of	  SDHB-­‐	  and	  MAX-­‐related	  tumors.	  	  
5.2.1.	  Integration	  reveals	  possible	  roles	  in	  neuronal	  differentiation	  	  
Clustering	   of	   miRNA	   genes	   is	   common	   within	   the	   genome,	   with	   38%	   of	   known	   miRNA	   genes	  
residing	   in	   clusters	   193.	   Previously,	   our	   profiling	   data	   showed	   deregulation	   of	   several	   miRNA	  
clusters,	   miR-­‐193b/365	   (chromosome	   16p13.12),	   miR-­‐183/96	   (on	   chromosome	   7q32.2),	   and	  
DLK1/MEG3	  miRNA	  cluster	   (chromosome	  14q32.2)	   in	  all	  PPGLs,	  and	  SDHB-­‐	  and	  MAX-­‐associated	  
tumors	  respectively.	  Evolutionary	  conservation	  of	  clustered	  miRNA	  genes	  suggests	  an	   important	  
common	  biological	  function,	  co-­‐regulating	   identical	  targets	  or	  components	   in	  the	  same	  pathway	  
194.	  In	  fact,	  several	  miRNAs	  mapping	  to	  14q32.2	  were	  predicted	  to	  target	  the	  same	  target	  genes.	  
Loss	   of	   expression	   of	   this	  miRNA	   cluster	   or	   other	   genes	   in	   close	   proximity	   has	   been	   previously	  
reported	   in	   PPGL,	   as	  well	   as	   other	   cancers	   190,195.	   In	   osteosarcoma,	   downregulation	   of	   14q32.2	  
miRNAs	   stabilizes	   c-­‐MYC,	   facilitates	   escape	   from	   developmental	   apoptosis,	   and	   sustains	  
tumorigenesis	  190.	  Altogether,	  this	  suggests	  that	  loss	  of	  expression	  of	  miRNAs	  clustered	  at	  14q32.2	  
further	  deregulates	   the	  MYC	  network	   in	  which	  MAX	   forms	  part,	   and	   likely	   contributes	   to	  MAX-­‐
related	  PPGL	  development.	  	  
Commonly	  deregulated	  miRNAs	  in	  PPGLs	  showed	  enrichment	  in	  pathways	  implicated	  in	  neuronal	  
and	   neuroendocrine-­‐like	   differentiation.	   As	   shown	   in	   Supplementary	   Table	   4.1.3,	   the	   "breast	  
cancer	   regulation	   by	   STMN1"	   pathway	   was	   among	   those	   potentially	   regulated	   by	   common	  
differentially	  expressed	  miRNAs	   in	  PPGLs.	  Our	   results	  predicted	  STMN1	  as	  a	  potential	  miR-­‐193b	  
target,	  and	  in	  fact,	  this	  regulatory	  interaction	  was	  recently	  confirmed	  196.	  	  High	  STMN1	  expression	  
has	   been	   described	   in	   the	   developing	   nervous	   system	   and	   shown	   to	   play	   a	   role	   in	   axonal	  
elongation	   and	   neuronal	   regeneration	   197.	   Furthermore,	   STMN1	   overexpression	   was	   previously	  
reported	  in	  malignant	  PPGLs	  198.	  Although	  we	  observed	  an	  inverse	  correlation	  between	  miR-­‐193b	  
and	  STMN1	  expression,	  it	  was	  not	  possible	  to	  assess	  a	  potential	  relationship	  between	  miR-­‐193b,	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STMN1,	   and	  malignancy	  because	  our	   series	   lacked	   sufficient	  numbers	  of	  malignant	   tumors.	   IPA	  
analysis	  of	   the	  commonly	  downregulated	  miRNAs	  also	  showed	  enrichment	   in	  "CREB	  signaling	   in	  
neurons"	  and	  "ERK5	  (MAPK7)	  signaling"	  pathways.	  In	  response	  to	  factors	  that	  elevate	  intracellular	  
cAMP	  or	  Ca2+	  levels,	  CREB	  signaling	  has	  been	  shown	  to	  mediate	  survival,	  proliferation,	  and	  glucose	  
metabolism	   199.	   In	   PC12	   cells,	   EGF	   and	   NGF	   have	   been	   shown	   to	   activate	  MAPK7	   that	   in	   turn	  
stabilizes	  tyrosine	  hydroxylase	  (TH)	  and	  promotes	  survival	  200.	  	  
Although	   the	  miRNA	   signature	   associated	  with	   each	   of	   PPGL	   genetic	   group	   differed,	   there	  was	  
some	  overlap	  between	  significantly	  enriched	  pathways.	  In	  this	  regards,	  in	  agreement	  with	  current	  
knowledge	   about	   gene	   signature	   associated	   with	   cluster	   2	   tumors,	   containing	   RET-­‐,	   NF1-­‐,	  
TMEM127-­‐,	   and	  MAX-­‐related	  PPGLs	   201,	  we	  observed	  common	  enrichment	  of	  predicted	  miRNA-­‐
regulated	  pathways	  related	  to	  PI3K/AKT,	  RAS,	  and	  mTOR	  signaling.	  
5.2.2.	  miR183/96	  interfering	  with	  NGF-­induced	  differentiation	  	  
Here,	   we	   provide	   evidence	   that	   SDHB-­‐specific	   miRNAs,	   miR-­‐183	   and/or	   miR-­‐96,	   contribute	   to	  
tumorigenesis	  in	  PPGLs	  by	  interfering	  with	  neuronal	  differentiation	  upon	  stimulation	  with	  NGF.	  In	  
cells	  capable	  of	  neuronal	  differentiation,	  such	  as	  PC12	  cell,	  stimulation	  with	  NGF	  initiates	  a	  signal	  
cascade	   that	   culminates	   in	   the	   transcriptional	   activation/repression	   of	   targets,	   as	  well	   as	   post-­‐
translational	  modification	  of	  the	  activity	  for	  already	  present	  proteins	  202.	  According	  to	  our	  results,	  
the	  overexpression	  of	  miR-­‐183	  and/or	  miR-­‐96	  in	  PC12	  cells	  possibly	  downregulates	  NFG-­‐induced	  
genes	  necessary	   for	   neuronal	   differentiation.	   In	   this	   regard,	  Weeraratne	  et	   al.	   showed	   reduced	  
viability	  and	  migration	  in	  medulloblastoma	  cells	  after	  miR-­‐183	  and	  miR-­‐96	  knockdown	  203.	  These	  
cells	  acquired	  a	  more	   flattened	  appearance	  with	  projections	   indicative	  of	  neurite	  outgrowth,	  as	  
well	  as	  presented	  an	  increased	  proneuronal	  gene	  expression	  signature	  203.	  
Furthermore,	  our	  results	  also	  suggested	  that	  miR-­‐183	  and	  miR-­‐96	  may	  target	  the	  same	  or	  similar	  
genes,	   as	   cotransfection	   of	   both	   miRNAs	   did	   not	   produce	   an	   additive	   or	   synergistic	   effect	   in	  
cellular	  length,	  border	  length,	  and	  roundness	  as	  individual	  miR-­‐183	  or	  miR-­‐96	  transfections.	  These	  
results	  were	   in	  agreement	  with	  our	   integration	  analysis,	   through	  which	  we	   identified	  numerous	  
potential	  miR-­‐183/96	  targets	  with	  reported	  involvement	  in	  neuronal	  differentiation.	  For	  instance,	  
CTDSP1,	   an	   inversely	   correlated	   potential	   miR-­‐183	   target,	   has	   been	   shown	   to	   be	   involved	   in	  
silencing	  neuronal	   genes	   through	   interaction	  with	  REST/NRSF	   204.	  Also,	  CTDSP1	   inactivation	  was	  
found	  to	  promote	  neuronal	  differentiation	  of	  P19	  stem	  cells	  204.	  On	  the	  other	  hand,	  knockdown	  of	  
ARHGAP18,	  a	  potential	  miR-­‐183	  target,	  enhanced	  stress	  fiber	  formation	  and	  induced	  rounding	  of	  
cells	   205.	  Likewise,	  potential	  miR-­‐96	  target	  genes	   included	  FARP1	  and	  LGI1.	  FARP1	   that	  has	  been	  
described	  to	  promote	  dendritic	  growth	  of	  spinal	  motor	  neurons	  subtypes	  206,	  while	  LGI1	  that	  has	  
been	   implicated	   in	   the	   formation,	   differentiation,	   maintenance,	   and	   plasticity	   of	   neuronal	  
synapses	   207.	   Altogether,	   these	   experimental	   evidences	   are	   consistent	  with	   our	   results	   showing	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5.2.3.	  Proteomic	  analysis	  	  
Label-­‐free	  proteomic	  profiling	  was	  performed	  in	  two	  SDHB-­‐	  and	  two	  MAX-­‐	  related	  PPGLs.	  These	  
proteomic	   analyses	   allowed	   us	   to	   evaluate	   the	   robustness	   of	   our	  miRNA–mRNA	   integration,	   as	  
well	  as	  assess	  possible	  modes	  of	  post-­‐transcriptional	  regulation	  by	  miRNAs.	  Our	  results	  indicated	  
that	   miRNA-­‐mediated	   regulation	   of	   gene	   expression	   occurs	   through	   mRNA	   degradation	   rather	  
than	  translational	  truncation,	  at	  least	  in	  PPGL.	  	  
Approximately	  11%	  of	  predicted	  miRNA–mRNA	  interactions	  were	  confirmed	  at	  the	  protein	  level.	  
This	   low	   proportion	   could	   be	   due	   to	   an	   inherent	   bias	   of	   mass	   spectrometry	   detection	   toward	  
most	   abundant	   proteins.	   As	   we	   focused	   on	   miRNAs	   that	   were	   generally	   upregulated	   in	   one	  
experimental	  group	  relative	  to	  the	  other,	  their	  corresponding	  targets	  would	  have	  lower	  levels	  of	  
expression	  at	  both	  mRNA	  and	  protein	  levels.	  	  
Nevertheless,	  we	  confirmed	  the	  predicted	  miR-­‐183/96	  interaction	  with	  EZR	  mRNA	  at	  the	  protein	  
level.	   This	   is	   highly	   relevant	   given	   that	   EZR	   together	   with	   radixin	   and/or	   moesin	   form	   ERM	  
complexes	   that	   connect	   actin	   to	   other	   membrane	   proteins	   208.	   Sperka	   et	   al.	   showed	   that	  
activation	   of	   RAS	   required	   the	   essential	   participation	   of	   ERM	   complexes	   and	   actin,	   and	   that	  
disrupting	  either	   the	   interaction	  of	   the	  ERM	  proteins	  with	  coreceptors	  or	  by	  downregulation	  of	  
ERM	   proteins	   abolished	   growth	   factor-­‐induced	   RAS	   activation	   208.	   The	   NGF-­‐induced	   neuronal	  
differentiation	  initiates	  a	  signal	  cascade	  requiring	  activation	  of	  RAS	  signaling,	  and	  interfering	  with	  
the	  activity	  or	  function	  of	  RAS	  has	  been	  shown	  to	  impede	  or	  abolish	  NGF-­‐induced	  differentiation	  
208,209.	  Taken	  altogether,	  disruption	  of	  RAS	  signaling	  by	  downregulation	  of	  EZR	  by	  miR-­‐183	  and/or	  
miR-­‐96	   could	   in	   part	   explain	   our	   results	   showing	   that	   these	   miRNAs	   impede	   NGF-­‐induced	  
differentiation	  in	  PC12	  cells.	  Thus,	  aberrant	  upregulation	  of	  miR-­‐183	  and	  miR-­‐96	  in	  SDHB-­‐related	  
PPGLs	   could	   contribute	   to	   their	   resistance	   to	   the	   process	   of	   differentiation	   and	   developmental	  
apoptosis	  that	  occurs	  naturally	  as	  sympathoadrenal	  precursors	  mature	  and	  acquire	  a	  chromaffin	  
or	  sympathetic	  neuron	  phenotype.	  	  
5.2.4.	  Closing	  remarks	  
In	  summary,	  through	  integration	  with	  matched	  mRNA	  profiles,	  we	  found	  a	  number	  of	  potentially	  
miRNA-­‐regulated	   pathways	   involved	   in	   neuronal	   differentiation	   that	   may	   contribute	   to	   the	  
development	   of	   these	   tumors.	   Functional	   assays	   showed	   that	   miR-­‐183	   and/or	   miR-­‐96	  
overexpression	  impeded	  neuronal	  differentiation	  of	  PC12	  cells	  in	  the	  presence	  of	  NGF,	  and	  global	  
proteomic	   analysis	   suggested	   that	   this	   could	   be	   due	   to	   in	   part	   by	   disruption	   of	   growth	   factor-­‐
induced	  RAS	  activation.	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5.3.	  Part	  3.	  Chromosomal	  aberrations	  in	  PPGL	  
Since	   the	  discovery	  of	   the	  Philadelphia	  chromosome	   in	  chronic	  myelogenous	   leukemia	  by	  Peter	  
Nowell	   and	   David	   Hungerford	   in	   1961	   210,	   hundreds	   of	   different	   genetic	   alterations	   have	   been	  
identified	  and	  described	  in	  human	  malignancies.	  Human	  malignancies	  show	  a	  diversity	  of	  genetic	  
alterations,	   ranging	   from	   chromosome-­‐scale	   lesions,	   such	   as	   translocations,	   gain,	   and	   losses	   of	  
large	  chromosomal	  segments,	  to	  small	  nucleotide	  substitutions,	  insertions,	  and	  deletions.	  Now	  it	  
has	   been	   well	   established	   that	   genetic	   alterations	   are	   central	   to	   the	   development	   of	   cancers,	  
determining	  their	  biological	  or	  clinical	  behaviors.	   In	  fact,	  some	  genetic	   lesions	  are	  highly	  specific	  
to	   particular	   disease	   types	   or	   closely	   linked	   to	   tumor	   histology,	   while	   others	   are	   commonly	  
observed	   in	   a	   wide	   spectrum	   of	   cancer	   types,	   indicating	   more	   general	   roles	   of	   these	   genetic	  
changes	  in	  tumorigenesis.	  
Previously,	  numerous	  studies	  have	  investigated	  chromosomal	  alterations	  in	  PPGL	  using	  numerous	  
techniques	  ranging	  from	  LOH	  typing	  and	  conventional	  comparative	  genomic	  hybridization	  (CGH)	  
to	  high-­‐resolution	  array-­‐CGH	  (A-­‐CGH)	  128,211,212.	  Although	  much	  has	  been	  learned	  from	  those	  early	  
studies,	   the	   constant	   evolution	   of	   our	   understanding	   of	   PPGL	   has	   fueled	   novel	   questions	   that	  
those	  studies	  never	  addressed.	  The	  majority	  of	  cytogenetic	  data	  in	  PPGL	  has	  dealt	  with	  VHL	  and	  
RET	   mutant	   tumors,	   seemingly	   sporadic	   cases,	   and	   benign	   and	   malignant	   tumors.	   The	   last	  
comprehensive	   update	   of	   chromosomal	   aberrations	   in	   genetic	   groups	   of	   PPGL	   was	   in	   2004	   by	  
Hensen	  et	  al.,	  describing	  chromosomal	  alterations	  in	  SDHC/D/B	  mutant	  tumors	  34.	  Over	  the	  past	  5	  
years,	  at	  least	  five	  new	  PPGL	  susceptibility	  genes	  (TMEM127,	  MAX,	  EPAS1,	  HRAS,	  FH)	  have	  been	  
described	  and	  the	  list	  is	  expected	  to	  continue	  growing	  55,59,63,66,213.	  Consequently,	  nothing	  is	  known	  
about	  the	  cytogenetics	  in	  these	  new	  genetic	  entities	  of	  PPGL.	  
This	   study	   represents	   the	   first	   comprehensive	   analysis	   of	   chromosomal	   alterations	   in	   a	   large	  
series	  of	  PPGLs	  using	  high-­‐density	  SNP	  genotyping	  arrays.	   In	  addition	   to	  VHL-­‐,	  RET-­‐,	  SDHB-­‐,	  and	  
SDHD-­‐associated	  tumors,	  which	  have	  been	  previously	  studied,	  here	  we	  investigate	  chromosomal	  
alterations	  in	  four	  recently	  described	  genetic	  groups	  of	  PPGL	  (MAX,	  EPAS1,	  HRAS,	  and	  TMEM127	  
mutants).	   Additionally,	   new	   advancements	   in	   bioinformatics	   analyses	   of	   high-­‐density	   SNP	  
genotyping	  arrays	  now	  permit	  us	   to	  examine	  chromosomal	  alterations,	  which	   traditionally	  have	  
been	  used	  for	  genome	  wide	  association	  studies	  (GWAS).	  	  
5.3.1.	  Benefits	  and	  pitfalls	  of	  SNP-­array	  analysis	  	  
Here	   high-­‐density	   SNP-­‐array	   (SNP-­‐A)	   genotyping	   has	   been	   applied	   for	   the	   first	   time	   to	   study	  
chromosomal	  aberrations	  in	  PPGL.	  Use	  of	  high-­‐density	  SNP	  genotyping	  has	  its	  benefits	  as	  well	  as	  
its	  disadvantages	  over	  conventional	  high-­‐resolution	  cytogenetic	  techniques,	  such	  as	  array-­‐CGH.	  In	  
terms	   of	   resolution,	   both	   SNP-­‐A	   and	   A-­‐CGH	   technologies	   have	   similar	   performances.	   Also,	  
chromosomal	  losses	  and	  gains	  can	  be	  accurately	  detected	  by	  both	  technologies.	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For	  copy	  number	  analysis,	  the	  relative	  intensities	  of	  the	  SNP-­‐specific	  signals	  are	  compared	  across	  
all	   SNP	   loci	   to	   calculate	   whole-­‐genome	   allele-­‐specific	   copy	   number	   profiles.	   Additionally,	  
implementing	  the	  ASCAT	  algorithm,	  we	  were	  able	  to	  estimate	  the	   fraction	  of	  aberrant	  cells	  and	  
the	  tumor	  ploidy	  for	  SNP-­‐A	  data	  139.	  This	  has	  the	  added	  advantage	  that	  matched	  normal	  germline	  
DNA	   is	   no	   longer	   necessary	   to	   study	   chromosomal	   changes	   in	   solid	   tumor	   samples,	   usually	  
composed	   of	   an	   admixture	   of	   normal	   cells	   and	   aberrant	   cells,	   and	   frequently	   deviate	   from	   the	  
diploid	  state.	  
Copy-­‐neutral	  chromosomal	  events	  have	  recently	  gained	  interest	  in	  cancer	  genetics.	  Copy-­‐neutral	  
events	  represent	  an	  abnormal	  allelic	  status	  in	  which	  both	  of	  the	  two	  existing	  alleles	  have	  a	  single	  
parental	  origin,	   and	   thus	   it	   is	   also	   called	   "uniparental	  disomy"	  or	  UPD.	  Copy	  neutral	   events	   are	  
thought	   to	   occur	   by	   duplication	   of	   one	   allele	   accompanied	   by	   loss	   of	   the	   other.	  UPD	  has	   been	  
established	   as	   one	   of	   the	   common	   mechanisms	   for	   biallelic	   inactivation	   of	   tumor-­‐suppressor	  
gene,	   by	   which	   the	   intact	   allele	   is	   lost	   and	   replaced	   by	   the	   mutant	   allele.	   Recent	   evidences	  
suggest	  that	  a	  UPD	  may	  accompany	  not	  only	  loss-­‐of-­‐function	  of	  tumor	  suppressor	  genes	  but	  also	  
gain-­‐of-­‐function	  of	  oncogenes	  64,214.	  
However,	   disadvantages	   to	   application	   of	   A-­‐SNP	   technology	   to	   study	   chromosomal	   alterations	  
arise	  as	  a	  result	  of	  the	  above	  benefits.	  The	  amount	  of	  data	  produced	  from	  SNP-­‐A	  is	  rather	  large,	  
which	   becomes	   tedious	   when	   analyzing	   large	   numbers	   of	   samples.	   Besides	   more	   data,	   the	  
addition	  of	  copy	  neutral	  variations	   to	  conventional	   chromosomal	  gains	  and	   losses	  adds	  another	  
dimension,	   further	   complicates	   matters.	   These	   factors	   should	   be	   taken	   into	   account	   when	  
considering	  whether	  to	  use	  one	  technology	  or	  the	  other.	  
5.3.2.	  Cytogenetic	  landscape	  in	  PPGL	  
Our	  results	  indicated	  that	  PPGL	  samples	  generally	  a	  ploidy	  less	  than	  2.0,	  which	  represented	  69%	  
of	   tumors.	   This	   is	   consistent	   with	   data	   from	   other	   studies	   reporting	   for	   the	   most	   part	  
chromosomal	   losses	   in	   these	   tumors	   127.	   EPAS1	   mutant	   tumors	   were	   an	   exception,	   as	   these	  
groups	  had	  an	  average	  ploidy	  of	  2.64.	  	  
We	  were	  also	  able	  to	  assess	  PPGL	  tumor	  composition,	  as	  the	  estimated	  aberrant	  cell	  fraction.	  The	  
aberrant	   cell	   fraction,	   calculated	   by	   the	   ASCAT	   algorithm	   showed	   that	   on	   average	   our	   tumors	  
contained	  a	  median	  of	  27%	  normal	  cells.	  These	  values	  are	  consistent	  with	   the	  histopathological	  
assessment	  conducted	  prior	  to	  this	  study,	  which	  qualifying	  the	  tumors	  as	  containing	  at	  least	  80%	  
tumor	  cells.	  Interestingly,	  SDHD-­‐related	  PPGLs	  showed	  substantially	  lower	  aberrant	  cell	  fractions	  
(mean	   36%).	   It	   is	   possible	   that	   SDHD-­‐associated	   PPGLs,	  which	   generally	   occur	   in	   the	   head	   and	  
neck	  region,	  have	  different	  composition	  than	  their	  abdominal/thoracic	  and	  adrenal	  counterparts.	  
Unfortunately,	  the	  only	  head	  and	  neck	  tumors	  included	  in	  this	  study	  had	  mutations	  in	  the	  SDHD	  
gene,	  and	  thus	  we	  could	  not	  explore	  this	  possibility.	  Further	  studies	  are	  warranted	  to	  determine	  if	  
there	  is	  an	  "origin	  of	  tumor"	  effect	  in	  PPGLs	  of	  different	  anatomical	  locations.	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5.3.3.	  Chromosomal	  alterations	  in	  PPGL	   	  
We	   and	   others	   found	   a	   very	   high	   incidence	   of	   1p	   loss	   in	   PPGL,	   suggesting	   that	   it	  might	   be	   an	  
important	  event	   in	   tumorigenesis	   128,211,212.	  Deletions	  of	  chromosome	  1p	  are	  common	   in	  several	  
other	  human	  malignancies,	   including	  neuroblastoma,	  another	  neuroectodermally	  derived	  tumor	  
closely	   related	   to	   PPGLs	   215.	   In	   this	   study,	   no	   tumors	   were	   found	   with	   regional	   losses	   in	  
chromosome	  1p	   and	   all	   had	   complete	   loss	   of	   chromosome	  1p,	   thus	  we	   could	  not	   pinpoint	   any	  
candidate	   regions.	   The	   high	   frequency	   of	   chromosome	   1p	   loss	   in	   not	   only	   PPGL	   but	   also	   other	  
tumors,	  supports	  the	  notion	  that	  this	  arm	  harbors	  one	  or	  more	  tumor	  suppressor	  genes.	  In	  fact,	  
numerous	  candidate	  tumor	  suppressor	  genes	  mapping	  to	  1p	  have	  been	  proposed,	  including	  KIF1β	  
74.	   Previously,	  mutations	   in	  KIF1β	  have	   been	   described	   in	   PPGL	   74,216.	   Also,	   KIF1β	  was	   found	   to	  
function	   downstream	   of	   EGLN3	   to	   induce	   developmental	   neuronal	   apoptosis	   in	   chromaffin	  
precursor	  cells	  74.	  
Although	  loss	  of	  1p	  was	  generally	  observed	  in	  our	  PPGLs,	  it	  was	  less	  frequent	  in	  VHL-­‐	  and	  SDHD-­‐
associated	  tumors.	  Interestingly,	  it	  has	  been	  previously	  reported	  that	  loss	  of	  1p	  is	  associated	  with	  
malignant	  PPGL	  133.	  Although	  we	  lacked	  sufficient	  malignant	  tumors	  to	  make	  an	  assessment,	  we	  
did	   observe	   loss	   of	   1p	   in	   almost	   all	   SDHB-­‐related	   tumors.	   As	   the	   SDHB	   gene	   is	   located	   at	  
chromosome	  1p36,	   somatic	   loss	   of	   chromosome	  1p	   in	   SDHB-­‐associated	   tumors	  would	   result	   in	  
loss	  of	   the	   remaining	  WT	  SDHB	   allele.	  Now	   it	   is	  well	   known	   that	  SDHB	  mutant	  PPGLs	  present	  a	  
higher	   risk	   to	  develop	  metastasis.	   Thus,	   the	  previously	   reported	  association	  between	   loss	  of	  1p	  
and	  malignancy	  could	  actually	  represent	  the	  frequent	  loss	  of	  1p	  in	  SDHB-­‐related	  tumors	  that	  are	  
also	  more	  metastatic.	  
In	  most	  cases,	  loss	  of	  1p	  was	  accompanied	  by	  loss	  of	  3q,	  which	  occurred	  in	  71%	  of	  all	  cases.	  Loss	  
of	   chromosome	   3q	   was	   the	   second	  most	   common	   chromosomal	   alteration,	   present	   in	   51%	   of	  
tumors.	   Present	   in	   87%	   and	   88%	   of	   tumors,	   it	   was	   worthy	   to	   note	   that	   concurrent	   loss	   of	  
chromosomes	   1p	   and	   3q	  was	   associated	  with	  RET	   and	  NF1	  mutant	   tumors,	   respectively.	  While	  
SDHB-­‐associated	  tumors	  showed	  loss	  of	  1p,	  they	  rarely	  showed	  concurrent	  loss	  of	  3q.	  	  	  
Apart	  from	  the	  large	  group	  of	  PPGLs	  displaying	  concurrent	   loss	  of	  1p	  and	  3q,	  a	  smaller	  group	  of	  
tumors	  was	  characterized	  by	  loss	  of	  11p.	  Loss	  of	  11p	  was	  also	  a	  relatively	  frequent	  even	  found	  in	  
42%	   of	   tumors.	   Similar	   to	   the	   above	   situation,	   tumors	   with	   loss	   of	   11p	   also	   showed	   loss	   of	  
chromosome	   3p.	   Concurrent	   loss	   of	   chromosome	   3p	   and	   11p	  was	   associated	  with	  VHL-­‐related	  
PPGLs.	  Loss	  of	  chromosome	  3p	  in	  VHL	  mutant	  tumors	  is	  not	  surprising	  as	  chromosome	  3p	  harbors	  
the	  VHL	  gene.	  
Although	   loss	   of	   chromosome	   17p	   was	   another	   frequent	   alteration	   in	   PPGLs	   affecting	   29%	   of	  
tumors.	   Loss	   of	   chromosome	   17p	   was	   previously	   described	   in	   PPGL	   217.	   Interestingly,	   loss	   of	  
chromosome	   17p	   was	   associated	   with	   RET	   PPGLs,	   while	   NF1	   mutant	   tumors	   showed	   loss	   of	  
chromosome	  17q.	  Although	  not	  surprising,	  this	  was	  significant	  as	  chromosome	  17q	  contains	  the	  
NF1	  gene.	  Burnichon	  et	  al.	  reported	  frequent	  loss	  of	  17q	  in	  "seeming	  sporadic"	  PPGLs,	  which	  were	  
later	   found	   to	   have	  mutations	   in	   the	  NF1	   gene	   29.	  Diagnosis	   of	  NF1-­‐associated	  PPGLs	   is	   usually	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determined	  clinically.	  NF1	   screening	   is	  not	  usually	  offered	  by	  diagnostic	   laboratories,	  as	   it	   is	   the	  
largest	   gene	   in	   the	   human	   genome	   with	   60	   exons	   spanning	   over	   350	   kb.	   Thus,	   loss	   of	  
chromosome	  17q	  or	  at	   least	  the	  NF1	   locus	  at	  17q11.2	  might	  represent	  a	  cytogenetic	  marker	  for	  
potential	  NF1	  mutations	  and	  thus	  could	  help	  guide	  genetic	  counsel	  29,30,64.	  
In	  addition	   to	   losses	  affecting	  chromosomes	  1p,	  3p,	  3q,	  11p,	  and	  17p,	  we	  observed	   the	  highest	  
frequency	  of	  loss	  in	  chromosome	  21	  and	  22,	  concerning	  23%	  and	  30%	  of	  all	  PPGLs,	  respectively.	  
Loss	  of	  chromosomes	  21	  and	  22	  has	  previously	  been	  reported	  in	  PPGL	  with	  similar	  frequencies	  126-­‐
128,133.	  Loss	  of	  chromosome	  21	  was	  particularly	  associated	  with	  RET	  mutant	  tumors.	  Interestingly,	  
all	  tumors	  with	  loss	  of	  chromosome	  21	  and/or	  22	  also	  showed	  loss	  of	  chromosome	  1p.	  	  
5.3.4.	  Exclusive	  gain	  of	  chromosome	  2p	  in	  EPAS1	  tumors	  
The	  only	  consistent	  chromosomal	  gain	  we	  observed	   in	  our	  EPAS1	   tumors	  was	  gain	  of	  2p,	  as	  our	  
lab	   previously	   reported	   64.	  Here	  we	   see	   that	   the	   three	   tumors	   (3/4)	  with	  EPAS1	  mutations	   had	  
clearly	  visible	  gain	  of	  chromosome	  2p	  on	  their	  ASCAT	  profiles.	   In	  that	  previous	  study,	  the	  fourth	  
EPAS1	  tumor	  was	  found	  to	  harbor	  a	  small	  regional	  gain	  of	  2p,	  containing	  the	  EPAS1	  gene,	  using	  a	  
multiplex-­‐PCR	  capable	  of	  detecting	  chromosomal	  rearrangement	  under	  the	  limits	  of	  detection	  of	  
the	  SNP-­‐array	  assay	  64.	  	  
Unexpectedly,	   in	  that	  study	  by	  Comino-­‐Mendez	  and	  colleagues	  (2013)	  found	  that	  the	  gain	  of	  2p	  
affected	  both	  the	  mutated	  and	  unmutated	  alleles	  of	  EPAS1.	  This	  was	  unexpected	  due	  to	  what	  is	  
known	  about	  the	  genetic	  mechanisms	  behind	  aberrant	  oncogene	  activation.	  Oncogenes	  gain-­‐of-­‐
function	   can	  occur	   as	   a	   result	   of	   activating	  mutations,	   chromosomal	   rearrangements,	   and	  gene	  
amplifications.	   It	   is	   widely	   accepted	   that	   gain-­‐of-­‐function	   of	   a	   single	   copy	   of	   an	   oncogene	   is	  
sufficient	   to	   deregulate	   cellular	   growth,	   but	   some	   examples	   of	   copy	   number	   variation	   at	   an	  
oncogene	  locus	  have	  been	  described	  in	  other	  neoplasms,	  including	  PPGL	  and	  neuroblastoma	  218.	  
Amplifications	  of	  the	  NMYC	  locus,	  which	  is	  also	  on	  chromosome	  2p,	  have	  been	  reported	  in	  about	  
20%	  of	  neuroblastomas	  219.	   In	  PPGL,	  patients	  with	  activating	  mutations	   in	  RET	  could	  also	  harbor	  
somatic	  loss	  of	  the	  wild	  type	  RET	  allele	  or	  duplication	  of	  the	  mutated	  allele	  219.	  Duplication	  of	  the	  
mutated	   EPAS1	   allele	   would	   lead	   to	   larger	   amounts	   of	   constitutively	   stabilized	   EPAS1	   protein,	  
than	  when	  only	  a	  single	  mutated	  EPAS1	  allele.	  One	  the	  other	  hand,	  somatic	  gain	  of	  the	  wild	  type	  
allele	   in	   conjunction	  with	   an	   activating	  mutation	   in	   the	   other	   EPAS1	   allele	  would	   also	   result	   in	  
increased	  levels	  of	  EPAS1	  protein.	  Either	  way,	  both	  mechanisms	  would	  lead	  to	  aberrant	  activation	  
of	  EPAS1	  signaling.	  
5.3.5.	  Chromosome	  14	  UPD	  in	  MAX	  tumors	  
Loss	  of	  chromosome	  14	  was	  detected	  in	  15.6%	  of	  tumors.	  However,	  only	  MAX	  mutant	  specimens	  
presented	  UPD	  of	  chromosome	  14.	  Our	  data	   suggest	   this	  event	  occurs	  early	   in	  MAX	   tumors,	  as	  
UPD	   of	   chromosome	   14	   was	   present	   in	   all	   these	   cases.	   Previously	   we	   reported	   complete	   loss	  
expression	  of	  the	  imprinted	  MEG3/DLK1	  miRNA	  cluster	  located	  at	  14q32	  174..	  Loss	  of	  imprinting	  of	  
the	  14q32	   locus	  has	  previously	  been	  described	   in	  neuroblastomas	   (25%),	  Wilms'	   tumors	   (2.5%),	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and	  PPGLs	  (10%)	  195.	   In	  that	  study,	  Astuti	  and	  colleges	  attributed	  loss	  of	   imprinting	  at	  the	  14q32	  
locus	  to	  aberrant	  hypermethylation,	  as	  allelic	  loss	  excluded	  in	  these	  tumors	  195.	  Notwithstanding,	  
it	   appears	   that	   the	   loss	   of	   imprinting	   at	   14q32	   region,	   either	   by	   aberrant	   hypermethylation	   or	  
chromosomal	  alterations,	  suggest	  this	  event	  could	  be	  important	  for	  tumorigenesis	  in	  some	  PPGLs,	  
especially	  for	  MAX-­‐associated	  tumors.	   Interestingly,	  chromosome	  14	  also	  houses	  the	  MAX	  gene,	  
but	   it	   is	   currently	  unknown	   the	  exact	   role	  UPD	  of	  chromosome	  14	  plays	   in	   the	  development	  of	  
these	  tumors.	  	  
5.3.6.	  Closing	  remarks	  
Here	   we	   demonstrate	   the	   usefulness	   of	   SNP-­‐array	   technology	   in	   analyzing	   chromosomal	  
alterations	   in	  PPGL,	  which	  enabled	  us	  to	  detect	  copy	  neutral	  events.	   In	  this	  regard,	  we	  reported	  
uniparental	  disomy	  of	  chromosome	  14	  specifically	  in	  MAX-­‐related	  tumors.	  We	  integrated	  miRNA,	  
mRNA,	  SNP-­‐array,	  and	  methylation	  data	  to	  obtain	  a	  complete	  prospective	  of	  the	  molecular	  events	  
at	  chromosome	  14	  in	  MAX	  mutant	  tumors.	  Decreased	  expression	  of	  the	  MEG3	  gene	  and	  14q32.2	  
miRNA	   cluster,	   as	  well	   as	   loss	   of	   unmethylated	   allele	   of	   the	  MEG3	  promoter,	   provide	   evidence	  
showing	   loss	   of	   the	  maternal	   (unmethylated	  MEG3	   allele)	   copy	   of	   chromosome	   14,	   as	   well	   as	  
confirm	   SNP-­‐array	   analysis	   results	   showing	   copy	   neutral	   loss	   of	   chromosome	   14.
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5.4.	  Part	  4.	  DNA	  methylation	  patterns	  PPGL	  
DNA	  methylation	   patterns	   are	   involved	   in	   long-­‐term	   gene	   expression	   programming	   of	   cell-­‐type	  
identity	   and	   thus,	   provide	   a	   novel	   reservoir	   to	   hunt	   for	   possible	   prognostic	   markers.	   DNA	  
methylation	   patterns	   have	   already	   proven	   valuable	   as	   prognostic	   markers	   in	   other	   neoplasms,	  
such	  as	  colon,	  breast,	  and	  ovarian	  cancers.	  Therefore,	  it	  is	  reasonable	  to	  consider	  that	  PPGLs	  with	  
metastasis	  might	  have	  a	  unique	  profile	  of	  DNA	  methylation	  that	  not	  only	  differentiates	  them	  from	  
those	  without	  metastasis,	  but	  also	  could	  predict	  clinical	  outcome.	  Early	  attempts	  to	  discover	  PPGL	  
malignancy	   associated	   DNA	   methylation	   markers	   focused	   on	   a	   short	   list	   of	   candidate	   genes,	  
generally	   hypermethylation	   of	   tumor	   suppressor	   genes	   220,221.	   Now,	   whole	   genome	   DNA	  
methylation	  patterns	  can	  be	  interrogated	  using	  high-­‐throughput	  technologies.	  In	  fact,	  global	  DNA	  
hypermethylation	   was	   recently	   described	   in	   SDHx-­‐related	   PPGLs	   caused	   by	   Krebs	   cycle	  
dysfunction	   66,222.	   However,	   the	   data	   so	   far	   are	   limited	   and	   the	   prognostic	   value	   of	   these	   DNA	  
methylation	  signatures	  is	  unclear.	  	  
Thus	  the	  fourth	  and	  final	  objective	  of	   this	  study	  was	  to	  characterize	  DNA	  methylation	   in	  a	   large	  
series	  of	  genetically	  diverse	  PPGLs	  (n=123)	  that	  was	  also	  enriched	  with	  malignant	  tumors	  (n=24).	  
DNA	  methylation	  was	  investigated	  in	  several	  PPGL	  genetic	  groups	  (VHL,	  SDHB,	  SDHD,	  EPAS1,	  RET,	  
NF1,	   MAX,	   and	   HRAS),	   as	   well	   as	   in	   malignant	   tumors.	   We	   identified	   numerous	   malignancy	  
associated	   CpGs	   and	   validated	   a	   number	   of	   them	   in	   an	   independent	   series	   of	   154	   PPGLs.	  
Bioinformatics	   analyses	   suggested	   that	   aberrantly	   methylated	   CpGs	   in	   malignant	   PPGLs	   could	  
possibly	   affect	   transcriptional	   regulation	   at	   RNA	   polymerase	   II	   promoters	   and	   nervous	   system	  
development.	   Finally,	   hypermethylation	   of	   RDBP,	   whose	   protein	   product	   has	   functions	   in	  
transcriptional	  regulation,	  was	  further	  validated	  in	  another	  independent	  series	  of	  FFPE	  samples	  by	  
pyrosequencing.
5.4.1.	  PPGL	  genetic	  background	  affects	  DNA	  methylation	  
In	   the	   present	   work,	   whole-­‐genome	   DNA	   methylation	   profiles	   were	   obtained	   using	   the	   27K	  
platform	  (Illumina).	  Although	  the	  newer	  450K	  platform	  has	  replaced	  the	  27K	  platform,	  evidences	  
indicate	  that	  in	  terms	  of	  general	  performance	  both	  produce	  consistent	  and	  comparable	  results	  as	  
demonstrated	  by	  Letouzé	  and	  coworkers	  66.	  Our	  results	  verified	  that	  DNA	  methylation	  patterns	  in	  
PPGL	   are	   strongly	   influenced	   by	   genetic	   background,	   exemplified	   by	   unsupervised	   hierarchical	  
cluster	  analysis	  showing	  two	  main	  clusters:	  a	  "pseudohypoxic"	  cluster	  (VHL,	  SDHx,	  and	  EPAS1)	  and	  
the	   other	   containing	   classical	   "cluster	   2"	   PPGLs	   (RET,	   NF1,	   TMEM127,	   and	  MAX).	   In	   addition,	  
unsupervised	  analysis	  of	  DNA	  methylation	  profiles	  proved	  capable	  of	  differentiating	  SDHx	  mutant	  
PPGLs	   from	   VHL/EPAS1-­‐	   and	   RET/NF1/MAX-­‐associated	   tumors.	   However,	   hierarchical	   cluster	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analysis	  of	  DNA	  methylation	  profiles	  was	  unable	  to	  further	  differentiate	  the	  cluster	  2	  samples.	  As	  
expected	   the	   two	  HRAS-­‐related	   tumors	   included	   in	   the	   DS	  were	   grouped	   along	  with	   the	   other	  
cluster	  2	  tumors.	  This	  was	  not	  surprising	  as	  HRAS-­‐related	  PPGLs	  and	  the	  classical	  cluster	  2	  tumors	  
(RET,	  NF1,	  TMEM127,	  and	  MAX)	  converge	  on	  a	  common	  molecular	  mechanism	  characterized	  by	  
aberrant	  regulation	  of	  MAPK	  signaling.	  
5.4.2.	  SDHx	  PPGLs	  have	  high-­CIMP	  
PPGL	  experimental	  groups	  showed	  varying	  levels	  of	  global	  DNA	  methylation.	  This	  difference	  was	  
highly	   significant	   (p<0.0001).	   Tumors	   with	   SDHB	   mutations	   had	   the	   highest	   levels	   of	   DNA	  
methylation,	   while	   RET-­‐,	   NF1-­‐,	   TMEM127-­‐,	   and	  MAX-­‐related	   PPGLs	   showed	   the	   lowest	   levels.	  	  
VHL-­‐	  and	  EPAS1-­‐related	   tumors	  had	   intermediate	   levels	  of	  global	  DNA	  methylation	  with	  EPAS1-­‐
related	  PPGLs	  having	   slightly	   higher	   levels	   than	  VHL	  mutants.	  Our	   results	   showed	   that	   the	   vast	  
majority	   of	   CpGs	   in	   SDHB-­‐related	   PPGLs	   were	   hypermethylated,	   and	   verifies	   previous	   reports	  
suggesting	   these	   tumors	   displayed	   a	   high-­‐CIMP	   66,222.	   A	   wide	   variety	   of	   human	   neoplasms,	  
including	   glioblastoma,	   neuroblastoma,	   and	   hematopoietic	   malignancies,	   have	   been	   described	  
with	  high-­‐CIMP	  223-­‐225.	  Prognosis	  associated	  with	  high-­‐CIMP	  depends	  on	  the	  cell	  type	  involved.	  In	  
glioblastoma	  and	  pediatric	  T-­‐cell	  acute	  lymphoblastic	   leukemia,	  a	  high-­‐CIMP	  is	  associated	  with	  a	  
more	  favorable	  prognosis,	  while	  poor	  prognosis	  has	  been	  reported	  for	  neuroblastoma	  and	  PPGL	  
66,223-­‐225.	   SDHx	  mutant	   PPGLs,	   in	   particular	   SDHB-­‐related	   specimens	   have	   a	   high	   risk	   to	   develop	  
metastatic	   disease	   relative	   to	   other	   genetic	   groups	   47,226.	   Similarly,	   FH	  mutations	  were	   recently	  
described	  as	  having	  a	  high	  risk	  of	  developing	  metastatic	  disease	  67.	  The	  Letouzé	  et	  al.	  study	  was	  
conducted	  with	  14	  malignant	  specimens	  of	  whom	  one	  had	  an	  FH	  mutation	  and	  six	  a	  mutation	  in	  
SDHB.	   FH	  mutations,	   similar	   to	   those	   in	   the	   SDHx	   and	   isocitrate	   dehydrogenase	   genes,	   lead	   to	  
global	   hypermethylation	   due	   to	   inhibition	   of	   alpha-­‐ketoglutarate-­‐dependent	   dioxygenases,	  
including	   histone	   demethylases	   and	   TET	   5-­‐methylcytosine	   dioxygenases,	   caused	   by	   severe	  
metabolic	  dysfunction	  66,222,227.	  However,	   it	   is	   likely	  that	  the	  reported	  associations	  between	  poor	  
prognosis	  and	  the	  hypermethylator	  phenotype	  in	  PPGLs	  are	   linked	  to	  the	  presence	  of	  SDHB	  and	  
FH	   mutations,	   as	   mutations	   in	   these	   genes	   are	   in	   themselves	   associated	   with	   poor	   clinical	  
outcome.	  Our	  hierarchical	  cluster	  analysis,	   showing	  malignant	  PPGLs	  distributed	  throughout	   the	  
dendrogram,	   provided	   further	   evidence	   indicating	   that	   global	   hypermethylation,	   while	  
undoubtedly	  relevant,	  is	  not	  necessarily	  sufficient	  to	  give	  rise	  to	  metastasis.	  	  
5.4.3.	  DNA	  methylation	  influences	  secretory	  phenotype	  
Differential	  methylation	  of	  the	  PNMT	  gene	  was	  of	  particular	  interest	  due	  to	  the	  role	  of	  this	  gene	  
has	   as	   a	   marker	   of	   chromaffin	   cell	   differentiation	   and	   in	   steroid-­‐induced	   catecholamine	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biosynthesis	  228.	  We	  verified	  the	  findings	  by	  Letouzé	  and	  colleagues	  showing	  high-­‐CIMP,	  including	  
the	   hypermethylation	   of	   PNMT,	   in	   SDHx-­‐associated	   PPGLs.	   On	   the	   other	   hand,	   intermediate	  
methylation	   of	   PNMT	   in	   VHL	   tumors	   and	   highly	   hypomethylated	   in	   RET-­‐	   and	   NF1-­‐associated	  
tumors	  were	  observed,	  highly	  consistent	  with	  current	  data	  about	  their	  neurochemical	  phenotypes	  
66,87,229.	   However,	   this	   model	   does	   not	   explain	   why	   other	   cluster	   1	   tumors	   do	   not	   display	   an	  
adrenergic	  phenotype,	  even	  when	  the	  PNMT	   gene	   is	   intermediately	  methylated.	  Also,	   this	  does	  
not	  explain	  why	  MAX-­‐associated	   tumors,	   showing	  PNMT	   hypomethylation	   levels	   comparable	   to	  
those	   in	   RET	   and	  NF1	   tumors,	   do	   not	   display	   a	   predominantly	   adrenergic	   phenotype.	   	   In	   this	  
context,	  Qin	  and	  colleagues	  provided	  evidence	  that	  addressed	  these	  paradoxes	  in	  other	  cluster	  1	  
tumors	  characterized	  by	  both	  EPAS1	  expression	  and	  stabilization	  of	  HIF	  protein	  87.	   In	  that	  study,	  
the	  authors	  showed	  that	  EPAS1	  completely	  blocked	  effects	  of	  steroid-­‐induced	  PNMT	  expression	  in	  
PC12	   cells	   229.	   Altogether	   this	   provides	   a	   rational	   explaining	   why	   "cluster	   1"	   adrenal	  
pheochromocytomas,	   including	   those	   without	   a	   high-­‐CIMP	   phenotype	   (e.g.,	   VHL	   and	   EPAS1	  
mutants),	   do	   not	   or	   very	   rarely	   produce	   epinephrine,	   as	  well	   as	   the	   unexpected	   noradrenergic	  
phenotype	  presented	  by	  MAX	  tumors.	  	  
5.4.4.	  MEG3	  hypermethylated	  verified	  in	  MAX	  tumors	   	  
Hypermethylation	   of	  MEG3	   was	   observed	   in	  MAX-­‐related	   PPGLs.	  MEG3	   is	   a	   non-­‐coding	   tumor	  
suppressor	   gene	   located	   on	   chromosome	   14q32	   that	   has	   been	   shown	   to	   interact	  with	   p53	   230.	  
Down-­‐regulation	   of	  MEG3	   in	  MAX-­‐related	   PPGLs	   has	   been	   previously	   reported	   59,	   and	   here	  we	  
confirm	   that	   it	   is	   indeed	   caused	   by	   aberrant	   hypermethylation	   due	   to	   a	   unipaternal	   disomy	   or	  
deletion	  of	  part	  of	  entire	  chromosome	  14.	  
5.4.5.	  DNA	  methylation	  associated	  with	  PPGL	  malignancy	  
We	  identified	  and	  confirmed	  52	  CpGs	  that	  were	  differentially	  methylated	  between	  malignant	  and	  
benign	  tumors.	  Although	  not	  selected	  for	  validation	  by	  pyrosequencing,	  it	  merits	  mention	  that	  the	  
other	  CpGs	  associated	  with	  metastasic	  PPGL	  were	  not	  only	  identified	  in	  the	  DS,	  but	  also	  replicated	  
in	  VS1.	  In	  addition,	  none	  of	  these	  were	  contained	  in	  the	  SDHB-­‐related	  list,	  which	  suggested	  that	  
these	   CpGs	   were	   indeed	   associated	   with	   malignancy	   and	   not	   to	   genetic	   background.	   	   Not	   to	  
mention	  that	  many	  also	  showed	  a	  significant	  association	  with	  progression	  free	  survival	  even	  after	  
adjusting	  for	  SDHB	  mutation.	  	  
For	   instance,	   HDAC11	   expression	   has	   been	   described	   to	   correlate	   inversely	   with	   proliferative	  
status	  in	  non-­‐transformed	  fibroblasts	  231.	  Also	  among	  other	  candidate	  CpGs,	  hypermethylation	  of	  
the	   RASSF1	   promoter	   has	   been	   previously	   described	   in	   association	   with	   metastatic	   PPGL	   and	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neuroblastoma,	  as	  well	  as	  in	  association	  with	  SDHB	  mutated	  tumors	  66,220,221.	  The	  probe	  described	  
by	  Letouzé	  et	  al.	  differed	  from	  the	  one	  identified	  in	  the	  present	  study,	  as	  these	  CpGs	  mapped	  to	  
different	  genomic	  loci,	  which	  explained	  why	  it	  was	  not	  removed	  from	  our	  list	  of	  candidates	  when	  
we	  filtered	  for	  SDHB-­‐associated	  CpGs	  66.	  	  
Bioinformatics	   analyses	   indicated	   that	   these	   CpGs	   could	   be	   involved	   in	   nervous	   system	  
development,	   as	   well	   as	   regulation	   of	   transcription	   at	   RNA	   polymerase	   II	   promoters.	   Initially	  
described	  as	  an	  oncogene,	  NTRK1	  is	  primarily	  expressed	  in	  sensory	  and	  sympathetic	  neurons	  and	  
considered	  a	  critical	  receptor	  that	  promotes	  neuronal	  survival	  in	  the	  presence	  of	  NGF.	  However,	  
recent	  evidences	  indicate	  that	  NTRK1	  acts	  as	  a	  "dependence	  receptor,"	  as	  expression	  of	  NTRK1	  in	  
itself	   was	   described	   to	   cause	   cell	   death	   of	   neurons	   and	   that	   this	   activity	   was	   prevented	   by	  
addition	  of	  NGF	   232,233.	   It	   is	  widely	  accepted	   that	  PPGL	  arise	   though	  a	   common	  mechanism	   that	  
impedes	   neuronal	   apoptosis	   of	   sympathoadrenal	   precursors	   when	   NGF	   becomes	   limiting,	   a	  
mechanism	   in	   which	   NTRK1	   in	   is	   involved	   18.	   Also	   described	   with	   roles	   in	   nervous	   system	  
development,	  CYFIP2	  is	  a	  p53-­‐inducible	  gene	  that	  leads	  to	  caspase	  activation	  and	  apoptosis	  234,235.	  
Similarly,	  CYFIP2	  also	  has	  been	  shown	  to	  negatively	  modulate	  cellular	  survival	  of	  colon	  cancer	  cells	  
236.	  Epigenetic	  inactivation	  of	  SPOCK2	  gene	  is	  involved	  in	  the	  malignant	  transformation	  of	  ovarian	  
endometriosis	   237	   238.	   Interestingly,	   PYGO1	   and	   BCL9L,	   hypermethylated	   in	   PPGL	   presenting	  
metastasis,	  participate	  in	  the	  nuclear	  beta-­‐catenin/TCF	  complex.	  In	  beta-­‐catenin/TCF	  complex,	  its	  
composition	   of	   transactivators,	   like	   BCL9L,	   PYGO1,	   and	   PYGO2,	  mediates	   its	   activity	   and	   target	  
gene	   specificity	   to	   effect	   fundamental	   patterning	   processes,	   involving	   reciprocal	   epithelial-­‐
mesenchymal	   interactions	   during	   tumorigenesis	   and	   normal	   development	   (e.g.	   nervous	   system	  
development)	   239.	   The	   inverse	   relationship	   between	   proliferation	   and	   differentiation	   is	   well	  
known,	   and	   intimately	   involved	   in	   PPGL	   development.	   Thus,	   the	   collective	   disruption	   of	   these	  
factors	  by	  aberrant	  DNA	  methylation	  may	  contribute	  to	  PPGL	  malignancy	  by	  impairing	  numerous	  
aspects	  of	  nervous	  system	  development,	  such	  as	  migration,	  cellular	  identity,	  and	  differentiation.	  
Interestingly,	  we	  observed	  methylation	  of	  numerous	  regulators	  of	  transcription	  in	  PPGLs	  showing	  
metastasis.	   In	   fact,	   the	   difference	   in	   RDBP	   methylation	   in	   metastatic	   PPGLs	   was	   rather	   large	  
(31.1%)	   as	   shown	  by	   bisulfite	   pyrosequencing,	  which	   indicated	   its	   potential	   diagnostic	   utility	   in	  
the	  clinical	  setting.	  The	  RDBP	  gene	  (also	  known	  as	  NELFE)	  encodes	  the	  smallest	  subunit	  (subunit	  E)	  
of	  the	  NELF	  (negative	  elongation	  factor)	  complex.	  Composed	  of	  5	  subunits	  (A,	  B,	  C,	  D,	  and	  E),	  the	  
NELF	   complex	   that	   induces	   transcriptional	   pausing	   by	   cooperative	   binding	   to	   elongating	  
RNAPII240,241.	   RNA	   polymerase	   pausing	   at	   promoters	   represents	   an	   important	   mechanism	   in	  
transcriptional	   regulation	   of	   many	   genes,	   including	   JUNB	   242.	   Recognized	   as	   a	   key	   player	   in	  
neuronal	   apoptosis	   as	   a	   C-­‐JUN	   antagonist,	   depletion	   of	   RDBP	   by	   RNAi	   has	   been	   described	   to	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enhance	   JUNB	   expression	   in	  human	   liver	   cancer	   cells	   18,242.	   From	  T47D	  breast	   cancer	   cells	  upon	  
RDBP	   silencing	   helped	   us	   to	   	   identify	   potential	   RDBP	   target	   genes,	   including	   	   JUNB.	   Besides	   its	  
involvement	   in	   neuronal	   apoptosis,	   JUNB	   has	   also	   been	   reported	   to	   increase	   the	   invasive	   and	  
angiogenic	  potential	  in	  numerous	  tumors,	  such	  as	  renal	  cell	  carcinoma,	  by	  inducing	  MMP-­‐2/9	  243.	  
RDBP	   knockout	  decreased	   the	  expression	  of	  TIMP1,	  which	  was	   shown	   to	   suppress	   invasion	  and	  
metastasis	  in	  various	  human	  tumors	  through	  inhibition	  of	  MMP-­‐2/9	  244.	  Another	  RDBP	  target	  gene	  
identified	  in	  the	  T47D	  data,	  CDKN2C	  has	  been	  described	  as	  a	  tumor	  suppressor	  involved	  in	  PPGL	  
and	  medullary	  thyroid	  carcinoma	  development	  245.	  	  
Although	  it	  was	  not	  possible	  to	  integrate	  the	  gene	  expression	  and	  DNA	  methylation	  data	  due	  to	  
the	  low	  numbers	  of	  metastatic	  PPGLs	  common	  in	  both	  the	  gene	  expression	  and	  DNA	  methylation	  
datasets,	  we	  were	  able	  to	  observe	  downregulation	  of	  three	  genes	  (PDZK1,	  RERG,	  and	  GPX3)	  both	  
in	  the	  T47D	  data	  after	  RDBP	  KO	  and	  in	  metastatic	  PPGL	  from	  previously	  gene	  expression	  data.	  This	  
suggests	   that	   the	   expression	   of	   these	   three	   genes	   may	   also	   represent	   potential	   markers	   for	  
metastatic	   PPGLs.	   GPX3	   silencing	   has	   been	   reported	   metastatic	   tumors,	   such	   as	   in	   gastric	  
carcinomas,	  where	   it	   increased	   cellular	  migration	   and	   impaired	  mechanisms	   regulating	   reactive	  
oxygen	  species	  246.	  RERG	  was	  reported	  as	  a	  prognostic	  marker	  in	  breast	  cancer,	  whose	  expression	  
correlated	   inversely	  proliferation,	  patient	  survival,	  and	  development	  of	  distant	  metastasis	   247.	   	   It	  
has	   been	   reported	   that	   PDZK1	   forms	   a	   complex	   between	   linking	   somatostatin	   receptors	   and	  
phospholipase	   C-­‐β	   (PLC-­‐β),	   necessary	   for	   the	   specific	   activation	   of	   PLC-­‐β3	   and	   subsequent	  
physiologic	   responses	   by	   somatostatins	   248.	   Although	   further	   studies	   are	   warranted,	   epigenetic	  
silencing	   of	   RDBP	   may	   contribute	   to	   PPGL	  malignancy	   by	   causing	   global	   changes	   in	   chromatin	  
and/or	   gene	   transcription,	   possibly	   affecting	   the	   expression	   of	   genes	   (e.g.	   JUNB,	  PDZK1,	  RERG,	  
GPX3)	  not	  only	  involved	  with	  cellular	  response	  to	  apoptotic	  stimuli,	  but	  also	  those	  involved	  with	  
invasion,	  proliferation,	  and	  metabolism.	  
5.4.6.	  Closing	  remarks	  
In	  conclusion,	  this	   is	  the	  first	  high-­‐throughput	  study	  to	  explore	  DNA	  methylation	  patterns	   in	  the	  
context	   metastatic	   PPGL,	   as	   well	   as	   in	   PPGLs	   with	   diverse	   genetic	   backgrounds.	   Here	   we	  
demonstrate	   that	   DNA	   methylation	   patterns	   differ	   according	   to	   PPGL	   genotype,	   and	   verify	  
previous	  data	  showing	  that	  SDHx-­‐related	  tumors	  have	  global	  hypermethylation.	  Also,	  our	  results	  
indicate	   that	   PPGLs	   presenting	   metastasis	   are	   not	   necessarily	   associated	   with	   the	  
hypermethylator	   phenotype	   previously	   described	   in	   relation	   to	   SDHx/FH	   mutations.	   Most	  
importantly,	  we	  identified	  and	  validated	  52	  CpGs	  associated	  with	  the	  development	  of	  metastasis	  
in	   two	   large,	   independent	   cohorts	   of	   these	   rare	   tumors.	   Aberrant	   methylation	   of	   these	   CpGs	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could	  make	  tumor	  cells	  less	  sensitive	  to	  the	  effect	  of	  proapoptotic	  signals	  and	  it	  warrants	  further	  
investigation.	   Of	   these,	   forty-­‐eight	   CpGs	   showed	   significant	   associations	   with	   progression	   free	  
survival.	  Our	  bioinformatics	  analyses	  and	  previous	  experimental	  evidences	  suggest	   that	  nervous	  
system	  development	  and	  transcriptional	  regulation	  could	  be	  affected	  by	  aberrant	  methylation	  of	  
these	   CpGs	   in	   malignant	   PPGLs.	   Finally,	   RDBP	   hypermethylation	   was	   further	   confirmed	   in	  
malignant	  PPGL	  by	  pyrosequencing	  in	  an	  independent	  series	  of	  FFPE	  archival	  samples	  and	  should	  
be	  assessed	  as	  a	  new	  prognostic	  marker	  of	  malignancy	  for	  PPGL.	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CONCLUSIONES	  in	  English	  
1.	  We	   demonstrated	   that	   miRNA	   expression	   in	   PPGL	   is	   strongly	   influenced	   by	   genetic	  
background.	  PPGLs	  were	  grouped	  into	  two	  clusters	  according	  to	  their	  miRNA	  signatures:	  
one	   was	   enriched	   in	   SDHB/SDHD/VHL-­‐related	   tumors,	   while	   the	   other	   contained	  
RET/NF1/TMEM127/MAX-­‐	  related	  tumors.	  
	  
	  
2.	  Differential	  expression	  analysis	  of	  microRNA	  between	  various	  genetic	  entities	  of	  these	  
tumors	  and	  normal	  adrenal	  medulla	  allowed	  us	  miRNAs	  specific	  to	  genetic	  background,	  as	  
well	  as	  those	  commonly	  deregulated	  among	  all	  PPGLs.	  Those	  specific	  ones	  could	  be	  used	  




3.	   Integration	   of	  matched	   global	  miRNA	   and	  mRNA	  profiles	   identified	  miRNA-­‐regulated	  
pathways,	  being	  neuronal	  differentiation	  a	  common	  theme	  among	  PPGLs	  with	  different	  
genetic	  background.	  	  
	  
	  
4.	  SDHB-­‐specific	  miRNAs,	  miRNA-­‐183	  and	  miRNA-­‐96,	  contribute	  to	  PPGL	  tumorigenesis	  by	  
antagonizing	   neuronal	   differentiation	   by	   NGF	   stimulation	   in	   a	   rat	   pheochromocytoma	  
cellular	  model	   (PC12).	   This	   effect	   could	   in	   part	   be	   due	   to	   disruption	   of	   growth	   factor-­‐
induced	  RAS	  activation,	  according	  to	  our	  results	  from	  proteomic	  analyses.	  	  
	  
	  
5.	   Global	   proteomic	   analysis	   suggested	   that	   miRNA-­‐mediated	   regulation	   of	   gene	  
expression	  proceeded	  predominately	   through	  target	   transcript	  degradation,	   rather	   than	  
through	  translational	  truncation.	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6.	   The	   use	   of	   the	   SNP-­‐array	   technology	   detected	   a	   subgroup	   of	   PPGLs	   displaying	  
uniparental	   disomy	   at	   chromosome	   14	   specific	   to	  MAX-­‐related	   tumors.	   Integration	   of	  
miRNA,	   mRNA,	   SNP-­‐array,	   and	   methylation	   data	   provided	   a	   detailed	   portrait	   of	   the	  
molecular	   events	   occurring	   at	   chromosome	   14	   in	   MAX	   mutant	   tumors.	   Decreased	  
expression	  of	  the	  MEG3	  gene	  and	  14q32.2	  miRNA	  cluster,	  as	  well	  as	  loss	  of	  unmethylated	  
allele	   of	   the	   MEG3	   promoter,	   provide	   evidence	   showing	   loss	   of	   the	   maternal	  
(unmethylated	   MEG3	   allele)	   copy	   of	   chromosome	   14,	   as	   well	   as	   confirm	   SNP-­‐array	  
analysis	  results	  showing	  copy	  neutral	  loss	  of	  chromosome	  14.	  	  
	  
	  
7.	   Our	   results	   demonstrate	   that	   DNA	   methylation	   patterns	   differ	   according	   to	   PPGL	  




8.	   PPGL	   presenting	   metastasis	   are	   not	   necessarily	   associated	   with	   hypermethylator	  
phenotype	   described	   previously	   in	   relation	   to	   SDHx/FH-­‐associated	   tumors.	   In	   fact,	   we	  
identified	  and	  validated	  52	  CpGs	  associated	  with	   the	  development	  of	  metastasis	   in	   two	  
large	  and	   independent	  cohorts	  of	  these	  rare	  tumors.	  Of	  these,	  forty-­‐eight	  CpGs	  showed	  
significant	  associations	  with	  progression	   free	  survival.	  All	   together	   suggested	   that	   these	  
CpGs	  could	  be	  utilized	  as	  predictors	  of	  metastatic	  potential	  in	  PPGL	  
	  
	  
9.	   RDBP	   hypermethylation	   may	   contribute	   to	   PPGL	   malignancy	   by	   disrupting	   gene	  
expression	  networks	   involved	  not	  only	   in	  cellular	   response	   to	  but	  also	   those	  promoting	  
migration,	  invasion,	  and	  neoangiogenesis.	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CONCLUSIONES	  en	  Español	  
	  
1.	  Hemos	  demostrado	  que	  la	  expresión	  de	  miRNA	  en	  PPGL	  está	  fuertemente	  influenciada	  
por	   los	  antecedentes	  genéticos.	  PPGLs	  se	  agruparon	  en	  dos	  grupos	  según	  sus	   firmas	  de	  
miRNA:	   uno	   contenía	   los	   tumores	   relacionados	   con	   SDHB/SDHD/VHL,	   mientras	   que	   el	  
otro	  contenía	  los	  tumores	  relacionados	  con	  RET/NF1/TMEM127/MAX.	  	  	  
2.	  El	  análisis	  de	  la	  expresión	  diferencial	  de	  microRNA	  entre	  diversas	  entidades	  genéticas	  
de	   estos	   tumores	   y	   la	   médula	   suprarrenal	   normal	   nos	   permitió	   identificar	   miRNAs	  
específicos	  al	  perfil	  genético,	  así	  como	  aquellos	  desregulados	  comúnmente	  en	  todos	   los	  
PPGLs.	   Aquellos	   específicos	   podrían	   utilizarse	   para	   guiar	   el	   estudio	   genético	   y	   los	  
comunes	  podrían	  ofrecer	  nuevas	  dianas	  para	  la	  intervención	  terapéutica.	  
	  
	  
3.	  La	  integración	  de	  los	  perfiles	  de	  miRNA	  y	  mRNA	  identificó	  las	  vías	  reguladas	  por	  miRNA,	  




4.	  Los	  miRNAs	  específicos	  de	  los	  tumores	  SDHB,	  miRNA-­‐183	  y	  miRNA-­‐96,	  contribuyen	  a	  la	  
tumorigénesis	   PPGL	   antagonizando	   la	   diferenciación	   neuronal	   de	   cellulas	   chromafinas	  
mediate	  la	  estimulación	  de	  NGF	  en	  un	  modelo	  celular	  de	  feocromocitoma	  de	  rata	  (PC12).	  
Este	  efecto	  podría	  ser	  en	  parte	  debido	  a	  la	  interrupción	  de	  la	  activación	  de	  RAS	  inducida	  
por	  el	  factor	  de	  crecimiento,	  según	  los	  resultados	  de	  los	  análisis	  proteómicos.	  	  
	  
	  
5.	   EL	   análisis	   proteómico	   global	   sugiere	   que	   la	   regulacion	   mediado	   por	   miRNAs	   en	   la	  
expresión	  génica	  proviene	  predominantemente	  de	  la	  degradación	  de	  la	  transcripción	  de	  
la	  diana,	  en	  lugar	  de	  truncamiento	  traslacional.	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6.	   El	   uso	   de	   la	   tecnología	   de	   SNP-­‐array	   detectó	   un	   subgrupo	   de	   PPGLs	   que	  mostraban	  
disomía	  uniparental	  en	  el	  cromosoma	  14	  específicos	  para	  tumores	  relacionados	  con	  MAX.	  
Integración	   de	   datos	   de	   metilación,	   mRNA,	   SNP-­‐array	   y	   miRNA	   ha	   proporcionado	   un	  
retrato	   detallado	   de	   los	   eventos	   moleculares	   que	   ocurren	   en	   el	   cromosoma	   14	   en	  
tumores	   con	   mutaciones	   en	  MAX.	   La	   expresión	   disminuida	   del	   gen	  MEG3	   y	   el	   entero	  
"cluster"	  de	  miRNAs	  localizados	  en	  14q32.2,	  así	  como	  la	  pérdida	  del	  alelo	  no	  metilado	  del	  
promotor	   MEG3,	   proporcionan	   evidencia	   de	   la	   pérdida	   materna	   (alelo	   de	   MEG3	   no	  
metilado)	  de	  la	  copia	  del	  cromosoma	  14,	  así	  como	  confirma	  los	  resultados	  del	  análisis	  de	  




7.	  Nuestros	  resultados	  demuestran	  que	  los	  patrones	  de	  metilación	  del	  ADN	  difieren	  según	  
el	  genotipo	  de	   los	  PPGL	  y	  verifican	   los	  datos	  anteriores	  que	  mostraban	  que	  los	  tumores	  
relacionados	  con	  SDHx	  tienen	  una	  hipermetilación	  global.	  
	  
	  
8.	   Los	  PPGL	  que	  presentan	  metástasis	  no	  están	  necesariamente	  asociados	  con	   fenotipo	  
hipermetilador	  descrito	  anteriormente	  en	  relación	  con	  los	  tumores	  SDHx/FH-­‐asociado.	  De	  
hecho,	  se	   identificaron	  y	  validaron	  52	  GPC	  asociados	  con	  el	  desarrollo	  de	  metástasis	  en	  
dos	  cohortes	  grandes	  e	  independientes	  de	  estos	  tumores	  raros.	  De	  éstos,	  cuarenta	  y	  ocho	  
CpGs	  mostraron	   asociación	   significativa	   con	   la	   supervivencia	   libre	   de	   progresión.	   Todo	  
junto	   sugiere	   que	   estas	   CpGs	   podrían	   ser	   utilizadas	   como	   predictores	   de	   potencial	  
metastático	  en	  PPGL.	  
	  
	  
9.	   La	   hipermetilación	   de	   RDBP	   puede	   contribuir	   a	   la	   malignidad	   de	   los	   PPGL	  
interrumpiendo	  las	  redes	  de	  expresión	  génica	  involucradas	  no	  sólo	  en	  la	  respuesta	  celular	  
sino	  también	  promoviendo	  la	  migración,	  invasión	  y	  neoangiogénesis.	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